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Investigation into on-farm factors that affect the 
assessment of textural greasy wool handle 
Abstract: 
This thesis aims to establish the importance of the assessment of textural greasy wool handle in the 
modern sheep and wool industry. Results highlight the inability to accurately and precisely predict 
textural greasy wool handle from a range of subjective and objectively measured traits and 
demonstrates its importance in evaluating textural greasy wool handle as part of a wool quality 
evaluation. Traits which accounted for the most variation included wool character, fibre diameter 
variability and resistance to compression. 
The effectiveness of the textural wool handle assessment was then studied to estimate the 
scorer repeatability. Results demonstrate that textural greasy wool handle was moderately repeatable. 
Implementing changes to the conditions of the assessment significantly improved the repeatability of 
the assessment and provided some recommendations to industry. For example, changes to the state of 
the assessment such as assessing textural greasy wool  from an on-animal state in the sheep yards, to 
an assessment from a collected mid side sample in laboratory conditions, increased the repeatability. 
Even further increases in the scorer repeatability were achieved when samples were scoured and 
assessed for textural clean wool handle. Results also demonstrate significant differences in 
repeatability between the four assessors; indicating experience or skill has an effect on the ability to 
assess textural greasy wool handle precisely. 
The site of assessment on the fleece was also examined to determine the variability in textural 
greasy wool handle and quantify this effect. Results showed there was significant variance at different 
sites of assessment. However, when other fibre attributes such as dust penetration, fibre diameter 
variability and resistance to compression were accounted for; there was no significant difference 
between the different sites of assessment. Recommendations from this work indicate the importance 
of nominating a site of assessment as in most cases wool producers will not find it feasible to measure 
all the traits included in this study. 
The heritability of textural greasy wool handle and its relationship with non-wool constituents 
such as suint, wax, dust and moisture was estimated. As part of this analysis other non-genetic 
environmental factors were also partitioned. As previously shown, textural greasy wool handle was 
highly heritable (>0.30). Non-wool constituents such as wax and dust percentage had a minimal effect 
on the textural greasy wool handle assessment. As for suint and moisture percentage, the phenotypic 
correlation was considered low, indicating a small effect. The genetic correlation between textural 
greasy wool handle and suint or moisture percentage was shown to be low to moderately correlated. 
Routinely measured non-genetic environmental factors such as flock, year of birth and birth rearing 
rank were shown to have a significant impact on the assessment of textural greasy wool handle. When 
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suint content was later grouped into its quartile range and modelled as a factor, the effect of suint was 
shown to be approximately similar in magnitude to the effect of birth rearing rank in the two flocks 
analysed. The effect of suint and moisture was not to the extent as anecdotal evidence suggested. 
Finally, crimp properties were further investigated after being shown to significantly affect 
the assessment of textural greasy wool handle. Mean fibre length variability and fibre crimp alignment 
were investigated to quantify their effect with textural greasy wool handle. Results showed that 
neither mean fibre length variability nor fibre crimp alignment affected textural greasy wool handle 
(P>0.05). Results highlight the need for further research in this area to eliminate wool character as a 
trait of interest that impacts on the assessment of textural greasy wool handle. 
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Chapter 1 Review of literature. Fabric and greasy wool 
handle, their importance to the Australian wool industry: 
a review 
Introduction: 
Even as far back as the 1930’s, wool scientists were interested in the physical softness of wool and 
how it related to the quality of the fabric (Peirce 1930). As such wool producers, scientists, buyers and 
processors have been involved in describing the physical attributes of what has come to be known as 
handle. The early beginnings of this research have been included in this review. Researchers like 
Campbell and Lang (1965) acknowledged the trait and attempted to define handle some 47 years ago. 
But like other researchers, they detailed the difficulties and inconsistencies in the assessment of 
greasy wool handle and indicated that it may be made up of multiple facets depending on what the 
assessor describes. The following review of literature attempts to review all the current knowledge 
about greasy wool handle and describe the importance of the trait and direction of future work. It 
should provide greater clarity of the importance of the work included in this thesis and highlight 
previous research on  
1. The definition of greasy wool handle 
2. The importance of greasy wool handle to wool processing 
3. The cost to improve handle during wool processing 
4. The cost to improve handle on-farm 
5. What fibre properties influence greasy wool handle 
6. The influence of genetics on greasy wool handle 
7. Current limitations of greasy wool handle assessment 
“From the reading of this chapter, the reader should understand the priority of the work and to what 






Peirce, FT (1930) The  “Handle” of cloth as a measurable quantity. Journal of the textile institute 





Changes to the published paper: 
“Fabric and greasy wool handle, their importance to the Australian wool 
industry: a review” 
1. Page A: Introduction, paragraph 1 (removal of words): “Incorporating wool into non-
traditional end-uses, such as the rapidly growing next-to-skin knitwear market, will extend 
the seasonal use of wool across seasons and increase demand”. Please change to: 
“Incorporating wool into non-traditional end-uses, such as the rapidly growing next-to-skin 
knitwear market, will extend the use of wool and increase demand”  
2. Page E: Chapter Greasy wool handle (resistance to compression), paragraph 6: Please insert 
“sample” to:“The cost of the test is expensive ($12.10/sample) (AWTA 2011) and would not 
be cost effective to use as a selection criterion for animal breeding or to aid on-farm 
management decisions.” 
3. Page E: Chapter Greasy wool handle (resistance to compression) paragraph 7 Insert comma. 
“Resistance to compression and fibre diameter accounted for the majority of variation in 
handle across a wide range of breeds and wools of varying fibre diameter and crimp form, 
with crimp form describing the crimp wave configuration (i.e. sine, twisted sine or helical) 
(BalasubramaniamandWhiteley 1964).”  
4. Page G: Chapter Fibre attributes that influence greasy wool handle. Paragraph 2. Remove (Fig 
1) within text and place at end of following sentence: “Cuticle patterns vary from smooth 
with little or no indentation, to rippled with deep indentations (Ryder and Stephenson 
1968)(Fig 1).” 
5. Page H: Improving greasy wool handle, paragraph 7: Insert of. “The following has been 
changed to: “Moderate to high positive genetic correlations are apparent between greasy wool 
handle and fibre diameter coefficient of variation, resistance to compression and wool 
character.” 
6. Page J: Chapter on-farm animal related factors that affect greasy wool handle, paragraph 3. 
Delete “continuously”. The sentence to be changed to: “Hatcher et al. (2005) demonstrated 
that, greasy wool handle significantly deteriorated from age 2 up to age 5 in a flock 
comprising 11 bloodlines classified as medium wool (2), fine (3) and superfine (6).” The 
following sentence “Fibre diameter deteriorated in a similar direction.” To “Fibre diameter 
increased with age.” 
7. Page K: Chapter on-farm animal related factors that affect greasy wool handle. Maternal 
effect. Paragraph 2.The sentence has been changed to: ““It is thought that the physiological 
ability of the ewe to partition nutrients to the lamb is compromised as structural conformation 
factors such as tooth wear deteriorate at older ages (McGregor 2011).” To “It is thought that 
the physiological ability of the ewe to partition nutrients to the lamb is compromised as 
structural conformation factors such as teeth wear occurs at older ages (McGregor 2011).”  
8. Page K: Chapter On-farm non-fibre factors that affect greasy wool handle. Paragraph 3. The 
sentence: “Moisture and suint are related by suint’s hygroscopic relationship and suint’s 
ability to retain moisture in the fleece (Lipson et al. 1982).” Please change to ““Moisture and 
suint are related by suint’s hygroscopic relationship (Lipson et al. 1982).” 
9. Page M References: “Anon. (1970) ‘Textile terms and definitions. 
’(TheTextileInstitute:Manchester, UK).” Include 6th edition with reference 
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Abstract. Handle-related properties of woollen fabrics have been demonstrated to be major factors affecting consumer
buying attitudes. Handle is the combination of both textural and compressional attributes. Compressional handle has
demonstrated processing advantages in woven and knitted fabrics. The handle of processing lots can be manipulated using
a variety of technologies but direct manipulation of textural greasy wool handle pre-processing is still crude. On-farm, there
is documented evidence that including handle assessment in a selection index provides additional improvements in genetic
gain. However, the assessment of greasy wool handle is based on a tactile evaluation of the wool staple by sheep and
wool classers, and its application is affected by a lack of framework that instructs assessors on a standard method of
assessment. Once a reliable and repeatable protocol is developed, further understanding of the effect greasy wool handle
has on ﬁnal garment quality will be possible.
Additional keywords: agriculture, farming, ﬁbre, Merino, sheep.
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Introduction
Traditionally in the apparel industry, wool has been used in the
production of woven or knitted outer garments or processed into
executive suitingattire (Cottle 2010). In recent decades, consumers
haveshownan increasingpreference forknitted fabricsoverwoven
fabrics for their easy care and comfort features, especially for
informal wear (Cottle 2010). Additionally, manufacturers are
attracted to knitwear production due to its lower cost. Much of
Australia’s ﬁne wool clip (<19 mm) has been traditionally used in
the production of suiting material where demand is generated by
the consumers economic status or ‘ability to pay’ rather than their
‘willingness to pay’ (Rowe 2010). The current global demand for
wool is strongly related to both seasonal and economic conditions
(Cottle 2010), with consumer demand peaking in northern
hemisphere markets during the northern autumn and winter.
Incorporating wool into non-traditional end-uses, such as the
rapidly growing next-to-skin knitwear market, will extend the
seasonal use of wool across seasons and increase demand. The
next-to-skin market is not controlled by seasonality and economic
conditions to the same magnitude as wool’s traditional markets,
partly because knitwear is cheaper to produce and is used in ‘trans-
seasonal’ apparel.
Different fabric attributes are required to meet market
speciﬁcations for the next-to-skin market, in part to enable the
production of ﬁne high quality yarns and knitwear, and also as
a consequence of the proximity of the fabric to the wearer’s skin.
Thus, fabric handle andwearer comfort are key attributes required
to meet market expectations. Both of these key fabric attributes
can be objectively quantiﬁed using two instruments, the Wool
ComfortMeter and the Wool HandleMeter (Tester 2010;
McGregor et al. 2015a, 2015b), recently developed by the
Cooperative Research Centre for Sheep Industry Innovation.
Fabric handle can be objectively evaluated by the use of
a series of algorithms developed and integrated into the Wool
HandleMeter, which were calibrated against a panel of industry
experts. It provides the capacity to objectively measure the
important handle characteristics of knitted fabrics (Mahar and
Wang 2010; Wang et al. 2011) based on the quantiﬁcation of
surface, ﬂexural and bulk attributes of the fabric. Each of these
handle properties of wool knitwear are related to other aspects of
ﬁbre, yarn and fabric properties (McGregor et al. 2015a, 2015b)
and fabric ﬁnishing treatments (Naebe et al. 2015).
In contrast, the evaluation of handle before processing, that is
greasy wool handle, is not well developed. Greasy wool handle
assessment is used by wool buyers, wool top makers and sheep
breeders as a subjective assessment of raw wool and of sheep
for genetic selection (Love et al. 1987; Butler et al. 1995). Greasy
wool handle is scored on a discrete numbering scale, for which
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until recently there had been no agreed industry protocol for
the assessment (Casey and Cousins 2010). The lack of a robust
protocol has implications for all users.Without a robust protocol,
the ability to improve greasy handle on-farm either genetically or
through animal husbandry practices is limited due to the variation
in both the accuracy and precision of the assessment. Similarly,
wool buyers and processors have to rely on various correlated
traits and subjective assessment of lots to build consignments
potentially differing in handle. Factors that affect the accuracy of
greasy wool handle assessment need to be identiﬁed to develop a
reliable and robust protocol to determine the importance of the
assessment in the wool industry.
Without a reliable greasy wool handle assessment protocol,
the ability to accurately quantify the relationship between greasy
wool handle and other ﬁbre attributes is compromised. It is
apparent that ﬁbre diameter (Stevens 1994) and compressional
load (Ali et al. 1971; Shah and Whiteley 1971) are two major
components that can account for a large portion of the variation in
greasy wool handle; but the magnitude of their effect differs
between studies, whichmay be in part due to the variedmanner in
which the trait is assessed.
This review will discuss the importance of fabric handle to
consumer choice and how textile processing affects handle of
woollen fabrics. This review is limited to discussing how
processing procedures affect handle and does not document
technology used to measure fabric handle. It seeks to highlight
the difﬁculties associated with altering handle in fabric form and
how important fabric handle is to consumers. Mahar et al. (2013)
reviewed the available technology used tomeasure fabric handle.
Our review describes theﬁbre attributeswhich affect greasywool
handle; the importance of improving greasy wool handle on-
farm, the methods of assessment of greasy wool handle used
within sheep breeding and raw wool buying as well as human
factors that inﬂuence the handle assessment. The study concludes
by suggesting a strategy for standardising greasy wool handle
assessment within the wool industry for use in strategies to
improve greasy wool and fabric handle.
Fabric handle
Fabric handle and its importance to consumers
The Textile Institute deﬁned fabric handle as ‘the subjective
assessment of the textile material obtained from the sense of
touch’ (Anon. 1970). Fabric handle is a multi-dimensional
concept that can be described by several polar descriptors
(Table 1). Handle characteristics are distinguishable in fabric
form by gently stroking the fabric (Aliouche andViallter 2000) or
squeezing it in one’s hand. The number of polar descriptors used
to deﬁne fabric handle illustrates the difﬁculty of deﬁning the trait
and highlights the importance of the objective measurement of
fabric handle such as that provided by the Wool HandleMeter.
The Wool HandleMeter was developed to assess lightweight
next-to-skin knitwear (Wang et al. 2011). Other instruments
available to industry have been designed to measure fabric
attributes in woven fabrics, but are not considered appropriate
for lightweight knitwear fabrics (Mahar and Wang 2010). The
Wool HandleMeter is an instrument which reports an overall
handle value and also provides primary handle parameters for
rough-smooth, hard-soft, loose-tight, light-heavy, clean-hairy,
cool-warm and greasy-dry handle characteristics (Wang et al.
2011). Results indicate that the prediction precision of the tool
was more effective at evaluating fabric softness compared with
subjective hand assessment conducted by a panel of experts
(Wang et al. 2011). The Wool HandleMeter now provides the
ability to quantify fabric handle in knitwear to assist brands to
meet market speciﬁcation (McGregor et al. 2015a, 2015b; Naebe
et al. 2015; Tester et al. 2015).
The handle (i.e. feel and touch) of a fabric is a major driver of
consumer buying attitudes (Wahle and Falkowski 2002). Handle,
which is sometimes also described as softness, is a major factor
that inﬂuences opinions of consumers seeking luxury and natural
class (Mahar and Wang 2010). Market research indicates that
consumers worldwide consider wool as a natural, premium,
classic fabric that is soft to touch and keeps the wearer warm
(Table 2) (Australian Wool Innovation 2008).
Table 1. Fabric handle properties described as bipolar opposites
Fabric dimension Bipolar opposites Source
Surface property Smooth Rough Mahar and Wang (2010), Postle (1990),
Roberts (1956)
Surface property Slippery Harsh Roberts (1956)
Surface property Full Lean Postle (1990)
Surface property Dry Greasy Mahar and Wang (2010)
Surface property Clean Hairy Mahar and Wang (2010)
Surface property Prickly Non-prickly Tester (2010)
Flexural property Soft Hard Mahar and Wang (2010), Roberts (1956)
Flexural property Tight Loose Mahar and Wang (2010)
Flexural property Extensible Inextensible Postle (1990)
Flexural property Pliable Stiff Roberts (1956)
Perceived temperature Warm, Cool Postle (1990), Mahar and Wang (2010),
Roberts (1956)
Compressional property Springy Limp Postle (1990), Roberts (1956)
Compressional property Firm Supple Postle (1990)
Bulk property Light Heavy Mahar and Wang (2010)
Extensibility property Stretchy Non-stretchy Roberts (1956)
Density property Compact Open Roberts (1956)
B Animal Production Science J. W. V. Preston et al.
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Processing effects on fabric handle
There are several processing technologies, including chemical
softening agents or ﬁbre modiﬁcation that can actively improve
fabric handle (Chikkodi et al. 1995; Kang and Kim 2001). These
technologies have been used to overcome speciﬁc limitations of
wool fabric, such aspoordyeuptake, shrinking, pilling and felting
(Chikkodi et al. 1995).
The use of bio-treatment or bio-ﬁnishing by enzyme
modiﬁcation greatly improves the handle of wool fabrics
(Chikkodi et al. 1995; Bishop et al. 1998; Ibrahim et al. 2008)
through theuseof protease class enzymes topenetrate and remove
the cuticle scale of individual wool ﬁbres leaving them with
improved ﬁneness, shine, softness and elasticity (Schroeder
et al. 2004; Xiao-Wei et al. 2005). However, it also decreases
ﬁbre tensile strength and reduces the weight of treated ﬁbre
(Chikkodi et al. 1995; Raja and Thilagavathi 2010). Consistent
and predictable responses are hard to ensure (Cortez et al. 2007).
Silicone treatments are used to improve the handle and
mechanical properties of wool fabrics during processing. The
function of the fabric softener is to provide a lubricated surface
by applying an adequate ﬁlm layer that enhances fabric softness
(Kang andKim 2001), which improves the smoothness, elasticity,
hydrophilic capacity, antistatic nature and soil releasing properties
(Tzanov et al. 1998; Parvinzadeh 2007).
Optim is another process where the ﬁbre is chemically treated
and then stretched to make the ﬁbre 3–3.5 mm ﬁner with the
additional beneﬁts of reduced bending rigidity, increase length
and strength (Phillips 2008). The process creates ﬁbres with a
more elliptical or polygonal cross-sectional shape than untreated
ﬁbres (Naylor 2010) but results in a limpﬁbrewith little resilence.
Shrink resistance prevents garments fromdimensional change
afterwashing or rigorous stretching. Themajority of apparelwool
products undergo some sort of shrink resistance treatment (Lewis
1977). Many of the earlier shrink resistance processes have had
limited use, because of their detrimental effect on fabric handle
(Sookne 1957). Chlorination is the traditional method used to
impart shrink resistance (Lewis 1977). The result is a fabricwith a
harsh synthetic ﬁbre feel (Makinson and Lead 1973; Silva et al.
2006).
Plasma treatment is an alternative method to impart shrink
resistance and improve dyeability (Canal et al. 2007). Plasma
(partly ionised gas) is applied to the fabric under high voltage
(Ganssauge and Thomas 2001). The process modiﬁes the existing
ﬁbre surface to reduce the frictioncoefﬁcient (KanandYuen2009).
Yarn intra-ﬁbre interaction is increased in the fabric resulting in
greater shear rigidity and inelastic behaviour, which affects the
fabric handle (Kan and Yuen 2009). Canal et al. (2007) and Hesse
et al. (1995) demonstrated deterioration in fabric handle but no
detail of the magnitude of effect was provided.
Cost of improving fabric handle through processing
All procedures used to impart improved softness do however,
incur additional costs on processing and reduce the ‘naturalness’
of wool garments. One of the main issues affecting wool’s
competitiveness is the cost of production compared with other
raw ﬁbres and synthetics (Cottle 2010). Table 3 categories the
additional cost of wool processing to enhance fabric attributes
showing that there is a signiﬁcant cost in improving the softness
of mediummicron wools.Wool garments are typically 4–7 times
more expensive to produce per tonne compared with cotton,
polyester and other acrylics (Cottle 2010). By removing the
need to alter the softness of the fabric through the use of
processing technologies, signiﬁcant cost savings can occur. One
potential strategy is to improve greasywool handle on-farm, either
genetically or through animal husbandry practices, before it is
processed.
Table 2. Consumers’ response to woollen fabrics
The response is according to the percentage of the sample surveyed. Please note: Low response <20%, Medium 20–40%, High 40–60%,
Very High >60. Note that survey responses do not equal 100%. Consumers have provided other answers not included in the table.
Bold highlights the higher response. Source adapted from Australian Wool Innovation (2008)
Category Consumer drives Response for wool Response for other fabrics
Lifestyle ﬁt Available in casual styles Medium High
For all seasons Low Medium
Is growing more popular Low Medium
Easy to care Low Medium
Keeps its shape Low Medium
Is durable Medium Medium
Natural class Is natural Very High Medium
High quality High Medium
Soft to touch Medium Medium
A classic fabric Medium Medium
Perceived luxury Worth paying extra for Medium Medium
Is a symbol of status Medium Medium
Expensive Medium Medium
Next-to-skin comfort Itchy or prickly High Low
Keeps you warm Very High Medium
Allows body to breathe Medium Medium
Light weight Low Medium
Comfortable Medium High
Fabric and greasy wool handle: a review Animal Production Science C
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Raw wool attributes inﬂuence on fabric handle
Wool ﬁbre characteristics have been described as being of
primary or secondary importance on processing efﬁciency and
fabric quality (Anon. 1973; Aitken et al. 1994; Cottle 2010).
Characteristics such as ﬁbre diameter, staple strength and staple
length are considered to be of primary importance as they have
signiﬁcant effects on processing and yarn quality (Table 4). Each
of these traits have well established objective test methods to
maintain acceptable accuracy and precision of their measurement
(IWTO 12 2009; IWTO 30 2009; IWTO 47 2009). Their key
role in predicting Hauteur and Romaine demonstrates their
importance (Hunter 1980).
Secondary ﬁbre attributes (Table 4) are traits considered to
have a minor effect on wool processing and includes greasy
wool handle. Given the increasing importance of the next-to-skin
market for wool fabrics, the signiﬁcance of greasy wool handle
may become more inﬂuential into the future (Mahar and Wang
2010). Unfortunately, there is currently nometrology available to
objectively measure greasy wool handle. Wool buyers today still
use a combination of the two techniques (i.e. textural and
compressional) thus confounding the effects of compressional
handle and textural handle (Table 5).
It has been demonstrated that selecting for certain wool
attributes can result in changes in the handle of both woven
and knitted wool fabrics. Stevens (1994) investigated the effects
of varying staple crimp frequency on the handle of woven
woollen fabric. Wool of higher crimp frequency but of similar
ﬁbre diameter resulted in greater fabric mass/unit area, thicker
and rougher fabrics and increasedwoven fabric rigidity compared
with using wool of lower staple crimp frequency. This study
also reported that a panel of fabric assessors regarded the woven
fabrics made from the lower crimp fabrics to have a feeling of
smoothness, leanness and coolness.
McGregor and Postle (2008, 2009) demonstrated that knitted
fabrics composed of low crimp wool were more compressible
(softer), more supple, thinner, had lower mass per unit area,
greater air permeability, higher resistance to pilling and change in
appearance, less hygral expansion and less relaxation shrinkage
than knitted fabrics composed of high crimp wool of similar ﬁbre
diameter. The ability to select raw wool attributes and achieve
signiﬁcant differences in fabric properties is a major reason why
further study is required to determine the possibility of altering
greasy wool handle through on-farm management practices or
genetic improvement programs. If shown to be a feasible method
Table 3. Cost of ﬁbre modiﬁcation during wool processing
Sourced from Seaman (1998). Bold indicates process is incorporated into processing due to insufﬁcient softness
Technology Target ﬁbre Cost to industry Consumer desire
Weaveable singles 21–24 mm Low cost Light weight at low cost
Bicomponent spinning 21–24 mm Low cost Light weight
Soft tailoring All mm Low cost Light weight with casual styles
Blends 21–24 mm Low costs Light weight, increased comfort and lower costs
Bulk without weight 21–24 mm Signiﬁcant cost Light weight and improved comfort
Fibre modiﬁcation 21–24 mm Signiﬁcant cost Improved comfort
Prickle alleviation 21–24 mm Signiﬁcant cost Improved comfort
Soft lustre/wool <24 mm Signiﬁcant cost Improved comfort
Wool/Micro ﬁbre blends 22–24 mm Low cost Light weight at low cost
Table 4. The importance of wool attributes to wool processing
Source adapted from: Aitken et al. (1994); Cottle (2010), Anon. (1973) and McGregor (2006). ****, most important; ***, major; **, secondary; *, minor
Characteristics Processing signiﬁcance Importance to scouring
and topmaking
Importance to yarn and
cloth manufacturing
Fibre diameter Contributes to hauteur, sets limits for yarn (and fabric mass per
unit area, impacts on the prickliness and softness of fabrics)
**** ****
Vegetable matter Impact on carding and combing yield, contributes to hauteur *** **
Yield Quantity of raw ﬁbre ****
Length Major contributor to hauteur *** ***
Strength Major contributor to hauteur *** *
Wool colour Dying ability ** ***
Suint/moisture content Wool colour ** **
Dogginess Commercial acceptability ** **
Stains Restrictions in colour ** **
Handle Softness and harshness of fabrics * **
Crimp Hauteur, yarn evenness, fabric handle * *
Staple tip formation Dying ability and staple length * *
D Animal Production Science J. W. V. Preston et al.
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it may reduce the processing required of raw wool, and produce
aﬁbrewith awider array of end use and thus the potential beneﬁts
are enormous.
Greasy wool handle
The dimensions of greasy wool handle
Describing greasy wool handle can be difﬁcult as it is a ﬁbre
attribute that can encapsulate several sensory perceptions.
Campbell and Lang (1965) stated that in the wool/textile
industry, greasy wool handle is hard to deﬁne due to the
vagueness and ambiguity of its subjective assessment and
inexplicit terminology. Stevens (1994) deﬁned greasy wool
handle as having two main components:
(1) Having a smooth surface or a ﬁne texture; and
(2) Yielding to pressure or easily deformed.
Based on Stevens (1994) deﬁnition, greasy handle can be
divided into:
(1) Textural surface characteristics; and
(2) Compressional characteristics;
Methods of measuring greasy handle in the wool industry
Greasy wool handle has always been a subjective tactile
assessment. Conventionally, a scoring protocol was used,
which rated sheep on a scale where one end represented softer
handling wool and the higher end of the scale was considered
to be the harsher handling wool. Stevens (1994) conducted a
survey with the New England branch of the Australian Superﬁne
Woolgrowers Association in order to develop a protocol for the
assessment of greasy wool handle. The majority of respondents
suggested that they were only able to segregate ﬂocks into
three different grades. Nevertheless, Stevens (1994) included
two extra grades into her assessment protocol to allow for
extreme occurrences in greasy wool handle to be classiﬁed.
The majority of studies reported in the literature use a ﬁve-
score protocol to evaluate greasy wool handle (Morley 1955;
Lax et al. 1995; Lewer et al. 1995; Ponzoni et al. 1995; Brown
et al. 2002;Robinson et al. 2007;Mortimer et al. 2009) although a
three-score protocol has also been used (Mullaney et al. 1970).
There are two main techniques used in the Australian Merino
industry for the assessment of greasy wool handle, lateral
compression and textural scoring. Lateral compression is scored
by characterising the sensation felt after the wool has been
compressed between two ﬁngers, whereas textural scoring
assesses the surface structure of the wool by stroking the wool
staple from the base towards the tip. Most published studies do
not provide sufﬁcient details of the scoring protocol used to
allow readers to distinguish which technique was used, however
it is likely that the majority of the past studies assessed a
combination of both attributes to provide an overall greasy wool
handle assessment score.
Fibre attributes that inﬂuence greasy wool handle
Different ﬁbre attributes have been shown to have different
inﬂuences on the textural and compressional components of
greasy wool handle (Stevens 1994) (Table 5). This further
highlights the limitations of and potential errors from placing
these two handle attributes into the one scoring protocol.
Resistance to compression
Resistance to compression is an accurate method for evaluating
wool compressional softness (Standards Australia 2004). The
development of the resistance to compression test method allows
the compressional aspects of greasy wool handle to be measured
objectively (Standards Australia 2004) (standard number 3535).
The cost of the test is expensive ($12.10) (AWTA 2011) and
would not be cost effective to use as a selection criterion for
animal breeding or to aid on-farm management decisions.
Resistance to compression testing is therefore uncommon with
few commercial ﬂocks directly measuring it, preferring instead
to indirectly select for lower cost production traits such as ﬁbre
curvature and ﬁbre diameter (Watson et al. 1977; James et al.
1990). Conveniently, ﬁbre curvature measurement can be done
at the same time as ﬁbre diameter using computer operated
laboratory testing equipment (IWTO 12 2009; IWTO 47
2009). Wools which are characterised as having a high
resistance to compression are described as ‘harsh, full and
spongy’. Therefore, a strong relationship between resistance to
compression and compressional greasy wool handle would be
expected. Van Wyk (1946a) demonstrated that resistance to
compression increased as crimp frequency increases.
Compressional load (i.e. resistance to compression) was
shown to have a signiﬁcant effect on greasy wool handle (Ali
et al. 1971; Shah andWhiteley 1971). Resistance to compression
and ﬁbre diameter accounted for the majority of variation
in handle across a wide range of breeds and wools of varying
ﬁbre diameter and crimp form with crimp form describing
the crimp wave conﬁguration (i.e. sine, twisted sine or helical)
(BalasubramaniamandWhiteley1964).Ali et al. (1971) suggested
that resistance to compression is integral in accounting for wools
that deviate from the strong ﬁbre diameter and greasywool handle
relationship and that differences of 10mmcan be overshadowed by
wool with extreme values for compressional load. Wool crimp
is considered to be the major ﬁbre attribute affecting resistance
to compression measurements (Van Wyk 1946b; Slinger 1965;
Whiteley et al. 1986; Madeley et al. 1998). Swan (1993) was able
to predict resistance to compression from ﬁbre diameter and ﬁbre
Table 5. Themajor andminor attributes of textural and compressional
handle scoring





Mean ﬁbre diameter Mean ﬁbre crimp frequency
Minor inﬂuence
Diameter variability Mean ﬁbre diameter
Fibre damage Grease
Fibre surface Staple pliability
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curvature measurements accounting for 92.1% of the variation.
Fibre curvature describes wool ﬁbre shape and is easily measured
using computer operated laboratory instruments (Fish 2002).
Fibre crimp frequency/ﬁbre curvature and staple
crimp frequency
Staple crimp describes the wavy pattern that is visible whenwool
is in its staple form (Woods 1935). The individual wool ﬁbres
forma consistent patternwithin the staple as theﬁbres are held in a
state of strain being ﬁxed at the lower end in skin follicle bulbs,
and ﬁxed at the tip end by coalesced grease, soil and ultraviolet
light degraded ﬁbre (Woods 1935; Ryder and Stephenson 1968).
Fibre crimp also describes the pattern of the crimping of an
individual ﬁbre once it has been removed from the constraints
of the staple bundle (Woods 1935). This degree of ﬁbre crimping
is objectively measured by ﬁbre curvature (Swan 1993) and is
highly correlated with staple crimp frequency. Fibre crimp
frequency, ﬁbre crimp amplitude and ﬁbre crimp form all were
shown to affect greasywool handle (Chaudri andWhiteley 1968;
Shah andWhiteley 1971). Chaudri andWhiteley (1968) showed
thatﬁbre crimp frequency accounted for 52.4%of the variation in
compressional load and togetherwithﬁbre crimp form (sinewave
or helical) cumulatively contributed to 81% of the variation in
compressional load within breeds. Shah and Whiteley (1971)
demonstrated the signiﬁcance of ﬁbre crimp on compressional
load as an independent variable and suggested ﬁbre crimp has a
major effect on compressional handle and a minor role in textural
greasy wool handle with ﬁbres of greater crimp showing less
compressibility. This is in agreement with Ali et al. (1971) and
Stevens (1994). Staple crimp is considered to be the primary
trait that inﬂuenced compressional handle. A strong positive
correlation exists between resistance to compression and
number of crimps per square inch (r = 0.55) (Van Wyk 1946b).
Factors that control staple crimping and therefore
compressional handle are many. Changes in ﬁbre growth rate
(Campbell et al. 1972), amino acid concentration (Campbell et al.
1972, 1975; Sherlock et al. 2001), ﬁbre ellipticity (Onions 1962),
follicle asymmetry (Hynd et al. 2009), follicle size (Nay and
Johnson 1967), follicle curvature (Watson et al. 1977) and the
proportion of cortical cells (Li et al. 2009) all affect staple crimp
and thus the compressional features of wool.
Fibre diameter
Fibre diameter has been demonstrated as the best single trait
predictor of greasy wool handle (VanWyk 1946b; Roberts 1956;
Ali et al. 1971; Shah and Whiteley 1971; Purvis 1990; Stevens
1994) accounting for 80% of variation in greasy wool handle
grades across several different breeds (Ali et al. 1971; Shah and
Whiteley 1971).
Fibre diameter has a smaller inﬂuence on compressional
aspects of greasy wool handle compared with its effects on the
textural components (van Wyk 1946b; Ali et al. 1971; Shah
and Whiteley 1971). This is in agreement with previous work
(DeMaCarty and Dusenbury 1955; Roberts 1955; Slinger 1965;
Chaudri and Whiteley 1968; Stevens 1994). For example, van
Wyk (1946a) demonstrated no correlation (r = –0.0065) between
resistance to compression and ﬁbre diameter in a range ofMerino
samples. A positive phenotypic correlation between mean ﬁbre
diameter and resistance to compression was also obtained by
Watson et al. (1977). The phenotypic correlation between crimp
frequency and ﬁbre diameter was of the opposite direction
(rp –0.29), meaning that as staple crimp frequency increased
ﬁbre diameter decreased. It is therefore hard to separate the
variation in resistance to compression attributed to ﬁbre
diameter or staple crimp.
Fibre diameter distribution
Fibre diameter distribution has a minor but signiﬁcant effect
on compressional handle of wool (Van Wyk 1946a; Shah and
Whiteley 1971). Van Wyk (1946a) suggested that wool with
a wider ﬁbre diameter distribution would possess ﬁbres with a
greater resistance to buckling. As ﬁbre diameter distribution
increases (i.e. becomes more variable) greasy wool handle
deteriorates. This was also present when ﬁbre diameter
distribution was split into along and across ﬁbre diameter
distribution components (Preston and Hatcher 2013). Roberts
(1956) concluded that ﬁbre diameter coefﬁcient of variation was
likely to have a minor effect on greasy wool handle. Similar
ﬁndingswere alsomadebyStevens (1994) andPurvis (1990)who
demonstrated that ﬁbre diameter standard deviation was not a
good single predictor of greasy wool handle.
Staple length
Shorter wools have a higher crimp frequency as crimping rate
is time dependent (Norris and van Rensburg 1930). Thus shorter
wools have on average a greater resistance to compression
(DeMaCarty and Dusenbury 1955; Slinger 1965; Whiteley
et al. 1986) although the magnitude of these effects are small
in comparison with the effects of crimp frequency and ﬁbre
diameter. Neither Van Wyk (1946a) nor Chaudri and Whiteley
(1968) could not ﬁnd a relationship between compressional load
and staple length.
Bending properties of wool (bending stiffness, Young’s
modulus and ﬁbre ellipticity) and its effect onwool handle
Young’s modulus and ﬁbre ellipticity inﬂuence the bending
properties and therefore the compressional load properties of
wool. Young’s modulus determines the extension of the ﬁbre
proportional to the stress placed on the ﬁbre (Onions 1962).
Madeley et al. (1998) postulated that Merino lamb’s wool in the
ﬁrst 3 months of growth was softer as it was more extensible.
Madeley et al. (1998) reported that as ﬁbre diameter and crimp
frequency increases, ﬁbre modulus and stiffness also increases
resulting in deteriorating greasywool handle (i.e. harsher handle).
Roberts (1956) evaluated the effect of Young’s modulus on a
series of wool samples that varied considerably in ﬁbre diameter
and yield. No relationship between greasy wool handle was
detected. Shah andWhiteley (1971) reached a similar conclusion.
Wool ﬁbres are elliptical in nature and the degree of ellipticity
varieswithin theﬂeece and also across breeds. Ellipticity refers to
the average ratio of the major andminor axis of ﬁbres (Ryder and
Stephenson 1968). Coarser ﬁbres are more elliptical compared
with ﬁner wool ﬁbres (Ryder and Stephenson 1968). Ellipticity
inﬂuences the bending stiffness ofﬁbres. AustralianMerinowool
ﬁbres have mean ellipticity values ranging from 1 : 1.18–1 : 1.25,
compared with broader wool breeds such as the Southdown and
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the Shropshire, which have values ranging from 1 : 1.30–1 : 1.50
(Onions 1962). The ellipticity of the ﬁbre varies along the ﬁbre
length reﬂecting ﬁbre diameter changes related to variation in
nutrition of sheep and seasonal variations in growth of the ﬁbres
(Ryder and Stephenson 1968). Hillbrick andHuson (2010) found
no relationship between the ellipticity of ﬁbres between high
and low resistance to compression wool.
Surface properties of wool (cuticle scale height, frequency
and design)
The cuticle cells on the surface of wool ﬁbres protect the inner
cortex of the ﬁbre (Ryder and Stephenson 1968). The cuticle
consists of a set of ﬂat cells that can encompass several different
patterns (Onions 1962) (Fig. 1). Cuticle patterns vary from
smooth with little or no indentation, to rippled with deep
indentations (Ryder and Stephenson 1968). Fibres can show
high and low regularity in pattern or even close cuticles, with
the cuticle scales occurring in high or low density (Ryder and
Stephenson 1968).
Cuticle structure has been shown to have an inﬂuence onwool
ﬁbre softness (Sumner 2009), smoothness (Hillbrick and Huson
2010) and felt-ability (Ladyman et al. 2004). The overlapping
edge of cuticle cells that point towards the tip of the ﬁbre results
in greater friction when stroking from the tip to the base (Ryder
and Stephenson 1968).
Cuticle cell step height is a measure of how high the scale
protrudes above the surface of the next underlying cuticle cell.
The level of cuticle scale protrusion will affect the frictional
coefﬁcient of the ﬁbre (measuring tip to base of wool ﬁbre).
Cuticle scale step height can vary between 0.5 and 1.7 mm thick
(Ryder andStephenson 1968;Wortmann andArns 1986).Cuticle
scale frequency in wool can also vary from 9.5 to 7.2/100 mm
(Onions 1962).
Hillbrick and Huson (2010) compared two wools of different
resistance to compression. The sample of 9 kPa had ﬁbres with
signiﬁcantly greater cuticle cell step height compared with the
sample of lower resistance to compression sample (7 kPa).
Improving greasy wool handle on-farm
Improvements in greasy wool handle on-farm can be achieved
through animal breeding and by animal husbandry strategies.
However, greasywool handle assessmentwill only beundertaken
by producers if they are assured of economic returns from doing
so. Calculating premiums for superior handling wool is further
complicated due to the crude assessment protocol currently used
and the lack of identiﬁedmarket premiums and feedback from the
processing sector.Without industry agreement on the protocol for
greasywool handle assessment it will remain difﬁcult to decipher
a price differential.
Merino stud breeders consider greasy wool handle an
important economic trait and use it as a selection criterion
when evaluating sires for breeding programs (Casey 1991;
Butler et al. 1995). Butler and Dolling (1991) found evidence
that to genetically maximise an index based on ﬂeece weight
and ﬁbre diameter in Merino sheep, it was necessary to include
greasy wool colour and greasy wool handle scores as a selection
criteria. Recently it has been further demonstrated that there
are genetic beneﬁts from including greasy wool handle in a
selection program. Mortimer et al. (2010) illustrated that
combining subjectively assessed traits into various common
industry accredited selection indices increased the overall






Fig. 1. Wool cuticle scale design. Source: Ryder and Stephenson (1968).
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as a selection criterion, between 26% and 29% of the projected
genetic gains over 10 years was due to the inclusion of handle
rather than the use of other ﬂeece quality (greasy wool colour,
wool character and ﬂeece rot) or animal management traits (face
cover, neck wrinkle, body wrinkle scores and leg structure)
included in the study (Table 6).
The response to selection predictions in Mortimer et al.
(2010) were based on modelling the genetic response from
index selection in a closed ﬂock (i.e. no introduction of
outside sires). Indices with greater emphasis on reducing ﬁbre
diameter displayed higher additional genetic gain with the
incorporation of greasy wool handle due to the strong genetic
correlations between these two traits. Genetic gain is directly
related to economic returns and therefore the study demonstrates
the economic beneﬁts of including greasy wool handle in a
selection program. However, Mortimer et al. (2010) used
historic heritability and correlation (both phenotypic and
genetic) estimates of greasy wool handle, which are likely to
include both the textural and compressional components of the
trait. The predicted increase in genetic gain (between 26% and
29%) from using greasy wool handle (Table 6) would only be
achieved if greasy wool handle is assessed in an accurate and
precise manner. The development and integration of an industry-
wide validated standard protocol for assessment of greasy wool
handle would help to achieve the predicted gains across the
industry.
Genetic improvement of greasy wool handle
The phenotypic variance, heritability, repeatability, and
correlations (both phenotypic and genetic) with other ﬁbre
attributes are all factors which can determine whether greasy
wool handle can be improved on-farm. Heritability estimates for
greasy wool handle vary depending on the age of assessment,
method of assessment and which non-genetic effects were
accounted for in the model (Table 7). From these studies,
greasy wool handle heritability ranges for Merinos from 0.21
to 0.86 for yearling stage and 0.25 to 0.56 for adult stage.
However, limited details are provided in each of these studies
on the method of greasy wool handle assessment. It is unknown
if compressional or textural attributes or a combination of both
were assessed as insufﬁcient descriptions have been provided.
For example, whether or not a greasy wool handle protocol was
developed to guide the assessor in their evaluation; or if a set of
handle standards, with examples of each of the handle scores,
were provided to the assessors to calibrate their assessment.
This would have impacted on the variance observed within
and between assessors within the studies (Table 7). Further
studies need to quantify the variance observed between repeated-
measurements.
Hatcher et al. (2005) assessed handle repeatedly at 1-year
intervals to determine if the trait varied from year to year. Greasy
wool handlewas shown tobemoderately repeatable (r=0.33) and
similar to other subjectively assessed traits (colour 0.27, density
0.24, crimp0.25). Similar resultswereobtainedbyMullaney et al.
(1970) (r = 0.38) and Hatcher et al. (2010) (r = 0.32). But again,
it is not clear whether textural, compressional or both attributes
of greasy wool handle were assessed in these studies.
Genetic correlations of greasy wool handle with other
production traits
It is important to understand the consequences of placing
selection pressure on one trait, such as greasy wool handle, on
the correlated responses in other production traits. There is
considerable variation in magnitude and direction of these
correlations among reported studies with greasy wool handle
(Table 8). Variation in the reported genetic correlations maybe
due to the method of assessment (i.e. textural or compressional
handle), the assessor’s ability to score greasy wool handle or the
variation seen within each ﬂock, structure of the data and the
number of records observed.
Fibre diameter has the strongest genetic correlation with
greasy wool handle (Table 8). Genetic correlations that are
seen commonly with ﬁbre diameter are also present with
greasy wool handle. For example, greasy wool handle has a
weak positive antagonistic genetic correlation with greasy ﬂeece
weight (Morley 1955; Brown et al. 2002). Moderate positive
genetic correlations are evident between greasy wool handle and
greasy wool colour. This is consistent throughout the literature
(Morley 1955;Mullaney et al. 1970; James et al. 1990; Robinson
et al. 2007; Mortimer et al. 2009). Moderate to high positive
genetic correlations are apparent between greasywool handle and
ﬁbre diameter coefﬁcient variation, resistance to compression
and wool character. These ﬁbre attributes have been shown to
inﬂuence greasy wool handle as they are related to textural and
Table 6. Projected additional gain from the inclusion of greasy wool handle in the breeding index
Source: Mortimer et al. (2010). *MP: ﬁbre diameter premium. Indexes are based on common breeding objectives. A micron premium is
a measure of the relative value of ﬁbre diameter and ﬂeece weight in the market (Martin et al. 2010). Micron premium is calculated based
on the premiumpaid forwool onemicronﬁner expressed as a percentage of the value of ﬂeeceweight (Mortimer et al. 2010). Indexeswith
a higher micron premium percentage place a greater emphasis on reducing ﬁbre diameter in relation to ﬂeece weight. Indices with a lower
micron premium percentage place a greater emphasis on ﬂeece weight in comparison to ﬁbre diameter (Mortimer et al. 2010). Indexes
noted as dual purpose have a greater emphasis on increasing bodyweight (Mortimer et al. 2010)
Index Projected gains from
10 years of breeding (%)
Overall gain attributed to the
inclusion of greasy handle (%)
Percentage gain attributed
to greasy handle (%)
Merino 14% MP* 16.9 4.9 29.0
Merino 7% MP 21.4 5.9 27.4
Merino 3.5% MP 17.6 4.6 26.3
Dual purpose 7% 13.1 3.6 27.8
Dual purpose 3.5% 8.7 2.4 27.0
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compressional components of the ﬁbre (Stevens 1994). Yield,
staple length, wax content and suint content show differences
in direction and magnitude between reported correlations.
On-farm animal-related factors that affect greasy
wool handle
The phenotypic expression of greasywool handle can be affected
by several factors including the age of animal at assessment, sex
of the animal, birth rearing rank, age of the dam as well as
variation of the trait over the ﬂeece of the animal.
On-farm non-ﬁbre factors due to the animal that affect
greasy wool handle
Age
Hatcher et al. (2005) demonstrated that, greasy wool handle
signiﬁcantly deteriorated continuously from age 2 up to age 5
in a ﬂock comprising 11 bloodlines classiﬁed as medium wool
(2), ﬁne (3) and superﬁne (6). Fibre diameter deteriorated in a
similar direction. Mortimer et al. (2009) found age only affected
one of the four ﬂocks investigated when measured at yearling
(10 months), hogget (15–16 months) and adult (21 months) age
categories. The one ﬂock that was signiﬁcant only included two
assessments and did not document long-term deterioration of the
trait. It was not determined if this was independent of ﬁbre
diameter.
Sex
Mortimer et al. (2009) demonstrated that sex signiﬁcantly
affected greasy wool handle in some of the ﬂocks studied. Wool
fromyearling and adult wethers were softer thanwool from ewes.
It was not determined if this was independent of ﬁbre diameter.
A similar association was shown by Hatcher et al. (2010).
Wool from wethers would have lower staple crimp frequency
due to having a faster wool growth rate (Norris and van Rensburg
1930) (as discussed earlier) and therefore greater compressibility.
Again it was not apparent if this was independent of ﬁbre
diameter.
Birth and rearing rank
Purvis (1990) reported that of the fourmainMerino families in
Australia (Bungaree, Collinsville, Peppin, medium non-Peppin)
single-born lambs grew softerwool comparedwithmultiple-born
lambs. Itwasnot veriﬁed if thiswas independent ofﬁbrediameter.
Mortimer et al. (2009) and Lewer et al. (1992) demonstrated a
signiﬁcant difference in handle grades between different birth
ranks. Lewer et al. (1992) also showed that ﬁbre diameter varied
by birth and rearing rank. Single raised lambs grew the softest
wool compared with multiple raised lambs. Lambs born as twins
and reared as singles grew softer wool than lambs born and raised
as twins but not singles raised as singles. There was no difference
in the softness ofwool grownby singles born and raised as singles
and twin-born lambs raised as singles. Similar results were
presented by Hatcher et al. (2010) and Purvis (1990). It has
been shown that as birth type increases, ﬁbre diameter of the
offspring increases (Asadi Fozi et al. 2005). Singles are expected
to be ﬁner than multiple birth offspring (Asadi Fozi et al. 2005)
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ratio. A similar relationship would be expected with greasy wool
handle due to its strong association with ﬁbre diameter.
Maternal effect
Maternal effects, such as the age of dam, affects the expression
of greasy wool handle with responses varying between ﬂocks
(Mortimer et al. 2009). It is thought that the physiological ability
of the ewe to partition nutrients to the lamb is compromised as
structural conformation factors such as tooth wear deteriorate at
older ages (McGregor 2011).
On-farm non-ﬁbre factors that affect greasy wool handle
Wax and suint content of wool
The accumulation of suint and wax is often described as the
nourishment of the ﬂeece. Suint and wax are estimated to vary
between 5–13% for suint and 20–30% for wax as a proportion to
total wool weight (Hayman 1953; Aitken et al. 1994; James et al.
1990; Mortimer and Atkins 1993; Campbell and Schlink 2004;
Dowling et al. 2006). Moisture and suint are related by suint’s
hygroscopic relationship and suint’s ability to retain moisture in
the ﬂeece (Lipson et al. 1982). The effect of suint and wax on
greasywool handle is not clear. It is known that the proportions of
suint and wax in the ﬂeece vary during the year, between animal,
between strains of Merino, between years and between ﬂocks
(Hutchinson 1962). There are limited studies which estimate the
genetic correlation between wool wax, suint and greasy handle.
James et al. (1990) showed a low positive phenotypic correlation
suggesting that as suint increases, thewoolbecomesharsher.Wax
was shown to have a weaker relationship (James et al. 1990). It is
expected that the ratio of suint towax is important and can account
for some of the variation between reported studies in greasy wool
handle. Anecdotal reports from professional wool classers
suggest that wax and suint may inﬂuence their ability to score
greasy wool handle (A. E. Casey, pers. comm.). The full extent to
which wax and suint content affect the assessor’s ability to score
greasy wool handle has not been determined. Understanding the
effect will help standardise the assessment of greasywool handle.
Yield
Yield describes the proportion of clean wool in greasy ﬂeeces
following the removal of suint, wax, vegetable matter and dirt.
The effect of yield on greasy wool handle is not clear. Roberts
(1956) completed three studies on the effect of yield on greasy
wool handle. In the ﬁrst study assessors demonstrated, in order
of magnitude, that ﬁbre diameter, crimp frequency and then
yield were the major factors that inﬂuence greasy wool handle.
A second and third study with a greater variation in diameter,
demonstrated that components of yield did not inﬂuence greasy
wool handle. Roberts (1956) suggested in the ﬁrst study the
reason why suint was signiﬁcant was caused by wool becoming
‘sticky to touch’ and therefore wools with high suint content felt
harsher. Roberts (1956) stated that yield inﬂuences the assessor’s
decision differently, as some assessors are inﬂuenced by it and
others were not. Campbell and Lang (1965) showed similar
results. Comparing clean and greasy wool samples for greasy
wool handle will indicate the importance of yield to the
assessment. Preliminary results from such a study suggest that
the repeatability of assessment increases when assessment of
handle occurs in its clean state compared with assessing it in its
greasy state (J. W. V. Preston, unpubl. data).
Moisture
Moisture and humidity inﬂuence the mechanical and surface
properties of thewoolﬁbre and therefore canpotentially inﬂuence
greasywool handle. The relationship effects of suint andwax can
overlap due to suint’s hygroscopic characteristics. Young (1955)
showed that moisture in wool varies within and between districts
across New South Wales and the relative humidity affected
moisture content in wool. In addition, broader wool sheep
had higher moisture content than ﬁne wool sheep and high
yielding sheep had a greater afﬁnity for moisture (Young
1955). Young (1955) also reported that there was a signiﬁcant
difference between sheep. Increasing moisture content is known
todecrease thebendingmodulusofwool and thereforemakewool
feel softer (i.e. improve greasy wool handle). Speakman (1929)
demonstrated that as wool ﬁbres absorb water, ﬁbre rigidity
decreases as ﬁbres become more plastic and pliable, but found
that the rigidity water absorbance relationship was not linear due
to the different ways water is absorbed by wool. Nevertheless, if
moisture content inﬂuences the accuracy of greasy wool handle
assessment, the effect is expected to vary between sampling sites,
between different sheep, between time of day and between
different environments.
Animal husbandry strategies to improve greasy
wool handle
Husbandry procedures which aim to protect the ﬂeece from
environmental damage such as the application of sheep coats
have a positive effect on ﬂeece quality (Hatcher et al. 2003).
Other husbandry procedures that demonstrate changes in ﬁbre
attributes such asﬁbrediameter and crimp frequencywould likely
have an effect on greasy wool handle. Changes in stocking rate
(Langlands and Bowles 1974), nutrition (Campbell et al. 1975)
and supplementation of minerals (Marston and Lee 1948) have
effects on greasy wool handle. Other management practices such
as control of internal parasites, time of pregnancy and shearing
managementwould allmost likely alter greasywool handledue to
their impact on correlated traits such as ﬁbre diameter however
there are limited studies which quantify the direct impact of these
speciﬁc management changes on greasy wool handle.
The importance of an improved assessment protocol
for greasy wool handle
An understanding of the factors that inﬂuence the assessment of
greasy wool handle will guide what on-farm selection and
management strategies can be integrated to improve greasy
wool handle.
The recent introduction of the Visual Sheep Scores booklet
(Australian Wool Innovation and Meat and Livestock Australia
Limited 2013) provided a standardised model for the assessment
of several visual wool scores. The aim of Visual Sheep Scores
booklet was to:
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‘1. Provide the Australian sheep industry with
a standardised set of visual assessment scores
for the consistent description of important
phenotypic traits of all breeds of sheep.
2. Develop a quick and simple scoring system
to help sheep classers and breeders select sheep
on visually assessed traits to accelerate genetic
gain.
3. Enable sheep breeders and classers to record
and submit visual score data and genetic
information to sheep genetics to progress
development of across-ﬂock Australian Sheep
Breeding Values for visually assessed traits.
4. Enable researchers to estimate the heritability
of visually assessed sheep traits; and to measure
their relationships, if any, on important production
traits such asﬂeeceweight,ﬁbre diameter, growth
rate and bodyweight’.
Similar objectives are required for the assessment of greasy
wool handle. Unlike other traits in the Visual Scores booklet,
which are visually assessed traits, greasy wool handle is assessed
on a tactile scale. Tactile-based scaling is difﬁcult to score as it
is challenging to convey feelings into an adequate word-based
description. The present greasy wool handle assessment system
is limited by its sensitivity, subjectiveness and ability to achieve
reliable repeatable results.
The provision of standards representing each of the discrete
handle grades would provide guidance for assessors and allow
them to calibrate themselves before and during assessment,
improving the scorer repeatability of the greasy wool handle
assessment. This system has been shown to be effective for
other subjective tactile traits. Curnow et al. (2011) described a
set of standard condition score models (scores 1–5) made from
sheep vertebrae with layers of padding to simulate the area over
the short ribs. These models, when used in conjunction with
a condition score worksheet providing simple descriptors of each
score, reduced the between assessor variation in condition score
and eliminated the need to correct data for different assessors in
subsequent analyses.
Human factors affecting the assessment of greasy
wool handle
Scorer variability
Preston,Hatcher andMcGregor (unpubl. data) assessed textural
greasy wool handle at three different stages of assessment.
This included a live animal assessment, a laboratory-based
greasy loose wool handle using wool staples selected from a
mid-side sample and a laboratory-based clean wool handle
using solvent-scoured wool staples. Scorer variability estimates
demonstrated that theywere lowest for the live animal assessment.
This was followed by the laboratory loose greasywool handle and
laboratory cleanwoolhandle assessments. Furtherwork is required
to determine the sources of unexplained variation. This could
include quantifying both ﬁbre-based and human factors that
affect the assessment of greasy wool handle. This will deﬁne
the level of accuracy of assessment of greasy wool handle and
identifymethods to improve theaccuracyof theassessment, suchas
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Hand sensitivity of assessors
Hand sensitivity of the assessor is a human factor that may affect
the ability to score greasy wool handle in an accurate manner.
Meccano and thermo receptors are responsible for detecting
tactile differences when the skin makes contact with an object
(Diamond 2010) and therefore hand sensitivity (Lederman and
Klatzky 2009). It has been shown that hand sensitivity can vary
according to age (Reuter et al. 2012) and gender (Boles and
Givens 2011). It is clear that hand sensitivity does vary
considerably between humans. However, it is unknown if
hand sensitivity is a factor that affects the repeatability of
greasy wool handle.
Assessor skill
Greasy wool handle does require skills training (Cowley 1945).
In the wool industry greasy wool handle is completed by wool
classers when evaluating wool clips (Cantrill 1936; Gown
and McLachlan 1994). Cowley (1945) describes the skill as
‘recognising softness, keen judgement is required. Ability to
recognise it will depend upon a well trained, sensitive touch.
Considerable experience in handling wool is needed in order to
develop this talent’. Quantifying whether assessor skill or
experience inﬂuences the repeatability of greasy wool handle
is important in providing recommendations. Other traits that
are scored using a tactile scale, such as the assessment of
fabric softness among a group of ‘experienced’ assessors, has
demonstrated considerable variation in assessor response and
may highlight the need for repeated assessments (Mahar and
Wang 2010). These results may also highlight that some level of
training is required for assessors to score tactile-based traits
successfully.
It also has been demonstrated that the assessor can be biased
by the visual appearance of the staple crimp when assessing
greasy wool handle (Shah and Whiteley 1971). Roberts (1956)
and Campbell and Lang (1965) suggested that wool assessors
ﬁnd it hard to separate the visual staple crimp indicators from
inﬂuencing their handle appraisal of greasy wool. There are
however studies where the assessor was screened from the
greasy wool samples (Shah and Whiteley 1971) and these
studies indicated that when compressional load was included,
crimp features didnot have amajor impact ongreasywool handle.
Variation over the body of the animal
Other ﬂeece traits such as ﬁbre diameter, ﬁbre diameter
distribution and ﬁbre curvature have demonstrated signiﬁcant
variation depending on the location the sample was taken on the
sheep (Fish et al. 2002). In each case the wool becomes broader,
moving from the dorsal to the ventral regions. In respect to these
traits the site of assessment is speciﬁed, usually the mid-side or
the pin-bone, and remains consistent when sampling individuals
within a ﬂock (Turner et al. 1953). If greater accuracy is required
multiple sites are taken (Turner et al. 1953). Preston et al. (2014)
highlighted therewas signiﬁcant variation in textural greasywool
handle over nine different sites across the ﬂeece. However, when
other ﬁbre properties were accounted for, site of assessment was
shown not to be a signiﬁcant term in the model.
Variation across the sheep in assessed traits could be caused
by an interaction with human factors. These human factors have
been discussed previously and quantifying their impact is
required. Nevertheless understanding this source of variation
would help to develop a standardised protocol for the
assessment of greasy wool handle. It is likely that greasy wool
handle does vary depending on location as does other ﬁbre
attributes (Table 9).
Conclusion
Handle properties are required to meet the speciﬁcations for
the next-to-skin knitwear market. These handle properties can
be quantiﬁed through the use of the Wool ComfortMeter and
the Wool HandleMeter (Tester 2010; McGregor et al. 2015a,
2015b). The instruments describe the multidimensional
components that encapsulate handle. However, evaluation of
handle pre-processing (i.e. greasy wool handle) lacks the
scientiﬁc rigour to adequately relate the properties of greasy
wool handle on-farm to measures of quality in fabric form.
Greasy wool handle is assessed by wool producers as a means
to achieve genetic improvement in the trait (Love et al. 1987;
Butler et al. 1995). It is also used by wool buyers to value clips
before sale, and by top makers to describe the suitability of the
yarn. There is however, limited research which focuses on
developing a formalised protocol for the assessment of greasy
wool handle. In the past greasy wool handle has been scored on
a discrete number scale and the repeatability of the assessment
varies depending on the skill of the assessor. The lack of
consistency in the assessment of greasy wool handle has
implications on all users. Most importantly there is still no link
between greasy wool handle on-farm and the production of a
softer yarn. Greater accuracy and precision in the assessment will
also aid in quantifying the relationship between greasy wool
handle and other ﬁbre attributes. It is clear that resistance to
compression (Ali et al. 1971; Shah andWhiteley 1971) and ﬁbre
diameter (Stevens 1994) have a major effect on greasy wool
handle but the magnitude of effect varies between studies, which
may be attributed in part to varied assessment method used.
In conclusion, the need for formalised protocol for handle is
important to fully understand the role greasywool handle plays in
the wool industry.
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Chapter 2. Can we predict textural greasy wool 
handle? 
Introduction: 
Textural greasy wool handle has been a trait of interest for wool producers for many years 
(Barker 1931; Roberts 1955, 1956; Love et al. 1987; James et al. 1990; Purvis 1990; Butler et al. 
1995; Lewer et al. 1995; Stevens and Mahar 1995; Dowling et al. 2007; Hatcher et al. 2010) as the 
wool industry believe it relates to fabric handle, which has been shown to be a primary trait 
influencing consumer buying attitudes (Mahar and Wang 2010). Some wool buyers include textural 
greasy wool handle assessment as part of their evaluation of wool prior to purchase and consider it of 
secondary importance compared to traits such as fibre diameter, staple strength and staple length 
(Mousch pers com 2011). Producers who aim to produce soft handling wool will attempt to achieve 
this through either the utilisation of superior genetics, via ram purchases and selection of replacement 
ewes or modifying their flock management practices to better match their production environment. In 
many instances, producers who aim to reduce the fibre diameter of their wool clip will be indirectly 
improving handle through favourable phenotypic and genetic correlations (Hatcher et al. 2010). 
However, it has been demonstrated that greater overall genetic gain can occur when handle is 
included as a selection criteria with an index focused on improving clean fleece weight (Butler and 
Dolling 1991) or a significant increase in the 14%, 7% and the 3.5% Merino index (Mortimer et al. 
2010).  
 One of the major problems with assessing textural greasy wool handle in breeding programs 
or evaluating it when creating wool lines during shearing, is that it is difficult to assess the trait in a 
consistent and accurate manner. Research needs to focus on developing an assessment model where 
there can be consistency between assessors. 
Nevertheless greater confirmation is required on the value of textural greasy wool handle 
within the wool industry. It is important to determine if textural greasy wool handle accounts  for fibre 
attributes that affect the handle properties of wool that is not already measured or assessed by other 
traits already recorded within the industry. Numerous studies have demonstrated the influence of fibre 
diameter, fibre diameter co-efficient of variation, crimp properties and natural grease production on 
textural greasy wool handle (Roberts 1956; Ali et al. 1971; Shah and Whiteley 1971; Stevens 
1994).There are some studies that have documented that these traits do account for all  the variation in 
textural greasy wool handle (Ali et al. 1971; Shah and Whiteley 1971). However, very few studies 
have only focussed primarily on the Merino breed and more specifically, wool types that target the 
next-to-skin knitwear market. Most previous research has focussed on compressional handle, and the 
impact of traits such as resistance to compression and various crimp properties. Previous work has 
quantified the relationship between compressional handle and various properties of single jersey 
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knitted fabric (McGregor and Postle 2008, 2009) and confirmed its value of the measurement in the 
wool industry. 
The advantages of being able to use indicator traits such as fibre diameter and resistance to 
compression to predict textural handle is that these indicator traits, in most cases, have specific 
standards or IWTO test methods, which dictate sampling and measurement conditions to ensure the 
accuracy and precision of the resulting data. In the long term it makes it easy to link and relate raw 
wool properties to fabric handle. It will help wool buyer’s source suitable wool and develop some 
certainty in processing of wool with specified handle. 
The following chapter investigates the ability to predict textural greasy wool handle from the 
Sheep CRC Information Nucleus data. This is an ideal dataset as it includes a wide variety of Merino 
strains, bloodlines and wool types. It also includes the measurement or assessment of a vast array of 
wool production and quality traits used within the wool industry. The Information Nucleus includes 
eight different flocks run in key sheep production sites located across Australia. It includes a 
multitude of assessors across a number of years with some differences in the level of experience in 
assessing textural greasy wool handle. The results from this study will: 
1. Determine the importance of textural greasy wool handle assessment. 
2. Confirm and estimate what fibre attributes influence the assessment of textural greasy 
wool handle. 
3. Determine if the assessment of textural greasy wool handle is still important to the 
Australian wool industry. 
4. Determine the direction of research for wool quality traits relating to fabric handle. 
Ultimately, this research will determine whether, the overall objective of producing a softer raw 
material to the wool value chain that requires little fibre modification or input of expensive chemical 
softeners to achieve the required softness during processing is realistic. Results will dictate the 
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Changes to the published paper: 
“Predicting textural greasy wool handle” 
Changes to the published paper: 
1. Throughout paper, in any circumstances where “coefficient variation” is used, please change 
to: “co-efficient of variation” 
2. Page 2: Materials and methods, paragraph 2. Insert “…with a poor-defined and large 
variation in crimp frequency along the staple.” 
3. Page 2: Materials and methods, paragraph 4. Insert “Optical Fibre Diameter Analyser” before 
OFDA abbreviation.  
4.  Page 3: Paragraph 1: Change “The micro staples are placed…” to: ““The micro staple were 
placed…..”  
5. Page 4 Paragraph 1: Change “equal 10” to “Equal to 10” 
6. Page 7 Conclusion, paragraph 1. Please change “The multivariate analyses has shown….” to: 
““the multivariate analyses have shown…….” 
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Predicting textural greasy wool handle – is it possible?
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aCRC for Sheep industry Innovation, University of New England, Armidale, Australia; bNSW Department of Primary
Industries, Orange Agricultural Institute, Orange, Australia; cAustralian Future Fibres Research & Innovation Centre, Institute
for Frontier Materials, Deakin University, Victoria, Australia
(Received 26 September 2012; ﬁnal version received 5 March 2013)
The aim of this study was to determine if textural greasy wool handle can be accurately predicted from a suite of
currently assessed and measured wool traits. A multivariate regression analysis indicated that greasy wool handle
can be predicted with medium to low accuracy. Greasy wool handle assessment captures additional information on
wool surface features not accounted for by the traits included in this study. Two data-sets were used as there was
concern that the regression prediction models may be limited by the degree of accuracy achieved in the assess-
ment of greasy wool handle. The full data-set contained data from a number of different assessors at a number of
different sites; while the restricted data-set contained data from assessors who were involved in the formulation of
the greasy wool handle assessment protocol and were expected to have a greater familiarity with the scoring
system. The restricted data-set provided improved predictions compared to the full data-set. However, the accuracy
level was still considered to be too low for on-farm use. This work further reinforces the need to develop a
standardised robust protocol for greasy wool handle assessment.
Keywords: greasy wool handle; Merino wool; textural frictional properties
Introduction
The handle of fabric is a key characteristic required for
next-to-skin apparel market. The Cooperative Research
Centre for Sheep Industry Innovation (Sheep CRC) has
developed the Wool HandleMeter™ that provides a pre-
diction for a range of fabric handle attributes (Mahar &
Wang, 2010) within the wool supply chain for product
development, quality assurance and quality control.
The prediction of fabric handle is based on the deforma-
tion properties the fabric exhibits while being pushed or
pulled through a ring or a nozzle (Mahar & Wang,
2010). Objective measurement of fabric handle
represents a means of improving communication about
fabric handle within the supply chain from the wool
grower to the retail store (Mahar & Wang, 2010).
Adoption of this technology will facilitate development
of total supply chain speciﬁcations that detail the partic-
ular fabric handle requirements for a variety of market
segments and what ﬁbre attributes are important in
achieving this. This will aid wool buyers in their
decision when buying wool in its raw form. It provides
a measure of consistency to garment manufacturers
when sourcing fabric from suppliers and to consumers
when purchasing next-to-skin garments.
There is a direct relationship between the apparent
handle of a mass of ﬁbre and the handle characteris-
tics of the ﬁnished fabric made from that ﬁbre
(McGregor & Postle, 2002, 2008; Stevens, 1994). It is
also suggested various ﬁnishing effects applied to top,
yarn or fabric can inﬂuence the handle attributes of
fabrics (Stevens, 1994). Provision of a softer raw
material to the wool supply chain may have beneﬁts
that persist through to the fabric and ultimately the
ﬁnal garment.
Greasy wool handle is routinely used by Australian
wool classers as a guide to clip preparation during
shearing and by sheep classers and wool growers to
select sheep with better greasy wool handle for breed-
ing programmes. However, on-farm assessment of
greasy wool handle has typically included both the
compressional and textural characteristics of the ﬁbre;
as there was no accepted standard protocol for greasy
wool handle assessment. A protocol developed for use
in the Sheep CRC Information Nucleus (IN) (Van der
Werf, Kinghorn, & Banks, 2010) to guide the assess-
ment of greasy wool handle across eight geographi-
cally diverse research sites deﬁnes greasy wool handle
as a subjective assessment of the textural frictional
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properties of wool, as the compression characteristics
of the ﬁbre were captured by the objective measure-
ment of resistance to compression. However, it can be
difﬁcult to accurately and precisely gauge greasy wool
handle. Unlike other assessed wool traits (Australian
Wool Innovation and Meat and Livestock Australia,
2007), there is no simple reference scale for greasy
wool handle. Translation of the ‘feel’ or sensation of a
tactile assessment into a description of a 1–5 discrete
scoring system is difﬁcult. To ensure that the scoring
system is consistently interpreted over time and
applied across the Australian wool industry is even
more difﬁcult as it has been anecdotally suggested that
the heritability and thus genetic improvement in
greasy wool handle is limited to the repeatability of
the trait (Hatcher & Preston, unpublished data). Devel-
oping an accurate method of calculating greasy wool
handle on-farm will aid in quantifying the relationship
between greasy wool handle and fabric handle. The
ﬁrst key step is to determine whether greasy wool
handle can be accurately predicted from a suite of
visually assessed or objectively measured traits cur-
rently used by Australian sheep producers. This paper
describes the outcome of a multivariate regression
analysis of greasy wool handle with visually assessed
and objectively measured wool traits.
Materials and methods
The IN (Van der Werf et al., 2010) consists of eight
ﬂocks at research sites managed by ﬁve of the Sheep
CRC’s partners: (i) The University of New England:
IN01 - Kirby, northern New South Wales; (ii) NSW
Department of Primary Industries: IN02 – Trangie,
western New South Wales and IN03 – Cowra, central
New South Wales; (iii) Department of Primary
Industries Victoria: IN04 – Rutherglen, northern Victo-
ria and IN05 – Hamilton, western Victoria; (iv) South
Australian Research and Development Institute: IN06
– Struan, south-eastern South Australia and IN07 – Tur-
retﬁeld, lower mid-northern South Australia; and (v)
Department of Agriculture and Food Western Australia:
IN08 –Katanning, southern Western Australia.
Fleece scoring, sampling, shearing and wool
measurement
This paper reports results from the 2007–2009-born
Merino progeny of the Sheep CRC IN who were shorn
and assessed as yearlings (11months of age). Progeny
in the data-set included 113 different sires and consisted
of 2372 yearling records. Sires were sampled from
ultra/superﬁne, ﬁne, ﬁne/medium and medium/strong
wool bloodlines. Prior to shearing, a suite of subjective
visual wool scores were assessed on each animal using
the industry standard Visual Sheep Scores (Australian
Wool Innovation and Meat and Livestock Australia,
2007). From these traits, wool character (CHAR) was
included in this study. CHAR was visually assessed
based on a 1–5 system. A low score represented wool
with well-deﬁned consistent crimp along the entire
length of the staple; while a high score represented
wool with a poor-deﬁned, large variation in crimp fre-
quency along the staple. Greasy wool handle was
assessed according to a protocol devised by Casey and
Cousins (2010). Brieﬂy, the ﬂeece was parted at the
right midside site making sure to assess a staple that
had minimal environmental damage (i.e. no dusty or
weathered tip). The staple was then stroked from the
base to tip with any part of the hand the assessor
thought to be the most effective method of assessment
and a score was allocated on the basis of the textural
friction felt during the stroking of the staple, again
using a 1–5 system. A score 1 represented wool that
was very smooth and had a minimal feeling of rough-
ness, while score 5 represented wool that was very
rough and had a hard and harsh abrasive surface. The
protocol devised made an effort to separate the com-
pressional properties of greasy wool handle and only
assess the textural components. Each assessor at the rel-
evant IN site was responsible for understanding the
greasy wool handle assessment protocol and no mea-
sure of the repeatability of the assessment of greasy
wool handle was recorded for each assessor. However,
each assessor was expected to have some past experi-
ence in the assessment of the trait.
Midside samples (approximately 75 g) were taken
from the right midside of each animal and measured
by the Australian Wool Testing Authority Limited
(AWTA Ltd) Melbourne Laboratory. All AWTA Ltd
measurements (OFDA 2000 and resistance to
compression testing (RTOC) were conducted using
procedures recommended by the instruments supplier
except RTOC which followed the relevant Australian
standard (Standards Australia, 2004). Optical Fibre
Diameter Analyser 2000 (OFDA) was used to
partition the mean ﬁbre diameter, ﬁbre diameter
standard deviation and ﬁbre diameter co-efﬁcient vari-
ation into both along and across ﬁbre components.
The following traits measured by the OFDA 2000
were mean ﬁbre diameter (FD), ﬁbre diameter stan-
dard deviation (FDSD), ﬁbre diameter co-efﬁcient
variation (FDCV), mean ﬁbre curvature (CURV),
standard deviation of ﬁbre curvature (CURVSD), min-
imum ﬁbre diameter along ﬁbres (MINALONG),
maximum ﬁbre diameter along ﬁbres (MAXALONG),
minimum ﬁbre diameter across ﬁbres (MINDA), mean
ﬁbre diameter across ﬁbres (MEANDA), ﬁbre diame-
ter standard deviation along ﬁbres (ALONGSDD),
ﬁbre diameter co-efﬁcient variation along ﬁbres
























(ALONGCVD), ﬁbre diameter standard deviation
across ﬁbres (ACROSSSDD) and ﬁbre diameter
co-efﬁcient variation across ﬁbres (ACROSSCVD).
The wool sample selected from the midside for
OFDA 2000 testing was completed as follows. One
wool staple was taken at random from the existing
midside. The subsample was further cleaved into a
number of smaller wool staples. The micro staples are
placed on the OFDA 2000 ﬁbreglass slide and loaded
on the xy stage and measured.
Two data-sets were used in this analysis. The full
data-set contained data from a number of different greasy
wool handle assessors, while the restricted data-set (part
of the full data-set) contained data that was evaluated by
the assessors who formulated the greasy wool handle-
scoring protocol. These assessors were expected to have
a greater familiarity with the scoring system and there-
fore able to score greasy wool handle with greater
accuracy and precision. Table 1 describes the traits
included in the study with average scores and variation
of each trait within the data-set; while Table 2 documents
the number of records from each site in the IN.
Statistical analysis
Regression modelling was used to develop a prediction
model for greasy wool handle. Potential predictors in
the model were traits that had some phenotypic correla-
tion with greasy wool handle estimated from a genetic
analysis (Hatcher, unpublished data). Each of the traits
listed in Table 1 was included in the model as ﬁxed
effects. Additional ﬁxed effects described the early
post-natal environment of each animal and included sex
(male, female), birth type (BT) rearing type (RT)
(BRT) of offspring into ﬁve categories (BT1RT1=born
as single raised as single, BT2RT1= born as twin and
raised as single, BT2RT2=born as twin and raised as
twin, BT3RT1=born as triplet and raised as single or
twin BT3RT3= born as triplet and raised as triplet),
dam age (2–8 years) and sire type (ultra/superﬁne, ﬁne
ﬁne/medium and medium/strong wool). Random terms
included in the model were effects associated with year
of birth (drop), ﬂock, sire, dam and random error.
Hence the initial ﬁtted model can be denoted by, with
terms highlighted in bold ﬁtted as random,
Table 1. Number of records (N), mean, min, max of wool traits.
Trait Abbreviation
Full data-set Restricted data-set
N Mean ± SD Min Max N Mean ± SD Min Max
Textural greasy wool handle HAND 2372 2.54 ± 0.83 1.00 5.00 1095 2.66 ± 0.69 1.00 4.00
Wool character CHAR 2372 2.57 ± 0.82 1.00 5.00 1095 2.58 ± 0.65 1.00 4.00
Mean ﬁbre diameter (μm) FD 2372 17.15 ± 1.71 12.67 27.15 1094 17.55 ± 1.70 13.15 27.15
Fibre diameter standard
deviation (μm)
FDSD 2372 3.15 ± 0.45 2.07 6.00 1094 3.26 ± 0.43 2.21 6.00
Fibre diameter co-efﬁcient
variation
FDCV 2372 18.37 ± 1.92 13.80 25.70 1094 18.61 ± 1.90 14.00 25.40
Mean ﬁbre curvature (°/mm) CURV 2372 75.79 ± 11.65 46.50 123.10 1094 72.53 ± 10.18 46.50 113.00
Fibre curvature standard
deviation (°/mm)
CURVSD 2372 55.78 ± 7.62 35.00 86.00 1094 53.85 ± 7.15 35.00 82.00
Minimum ﬁbre diameter along
ﬁbres (μm)
MINALONG 2372 15.76 ± 1.44 11.00 23.10 1094 16.09 ± 1.48 12.40 23.10
Maximum ﬁbre diameter along
ﬁbres (μm)
MAXALONG 2372 18.82 ± 2.04 14 30.60 1094 19.29 ± 2.00 14.90 30.60
Minimum ﬁbre diameter across
ﬁbres (μm)
MINDA 2372 16.26 ± 1.64 12.14 25.15 1094 16.74 ± 1.59 12.41 25.15
Mean ﬁbre diameter across
ﬁbres (μm)
MEANDA 2372 17.55 ± 1.74 13.22 26.99 1094 18.07 ± 1.68 13.43 26.99
Fibre diameter standard
deviation along ﬁbres (μm)
ALONGSDD 2372 1.01 ± 0.37 0.32 2.70 1094 1.07 ± 0.37 0.40 2.61
Fibre diameter co-efﬁcient
variation along ﬁbres (μm)
ALONGCVD 2372 5.83 ± 1.91 2.01 14.07 1094 6.08 ± 1.85 2.23 14.07
Fibre diameter standard
deviation across ﬁbres (μm)
ACROSSSDD 2372 3.44 ± 0.48 2.09 5.91 1094 3.49 ± 0.48 2.09 5.91
Fibre diameter co-efﬁcient
variation across ﬁbres (μm)
ACROSSCVD 2372 20.15 ± 2.59 13.95 31.24 1094 19.96 ± 2.60 14.00 30.67
Resistance to compression (Kpa) RTOC 2357 7.57 ± 0.75 4.00 12.00 1095 7.33 ± 0.78 5.00 11.00
Note: The number of measurements for each trait may vary due to ability to measure the trait with the midside provided.




























þ ACROSSCVDþ ACROSSSDDþ CHAR
þ SEXþ BRTþ Dam ageþ Sire typeþ Flock
þ Dropþ sireþ damþ error
Given the discrete nature of the response variable
greasy wool handle; which takes as possible values
only the integers 1–5; a K-fold cross-validation proce-
dure (Efron & Tibshirani, 1993) was used in the
above model, thus avoiding the normality assumptions
inherit in many step-wise methods for simplifying
models. For the K-fold cross-validation, K was set
equal 10, and the mean squared prediction error
(MSPE) was then determined for each potential
model. Potential models considered were all possible
subsets of terms in the full model above, with the
restriction that the terms Flock +Drop + sire + dam
+SEX+BRT+Dam age + Sire type were not consid-
ered for removal. In total 215 = 32,768 models were
considered. Each potential model was ﬁtted, and the
predictions obtained using the statistical package
ASReml (Butler, Cullis, Gilmour, & Gogel, 2009; R
Development Core Team, 2010). The model with the
smallest MSPE was selected as the ﬁnal model.
Results
Full data-set: the most predictive models
The difference in MSPE between the 15 most predictive
models was small, just 0.00095 (Table 3). The model:
Greasy wool handle = 0.28 + 0.27CHAR+0.52FDSD+
0.10RTOC 0.01CURVSD  0.07ALONGSDD 
0.17ACROSSSDD was the most predictive as it had the
smallest MSPE (0.55 ± 0.005). CHAR, RTOC, FDSD
and ACROSSSSDD were the most common traits pres-
ent in the 15 most predictive models. Various ﬁxed
effects impacted on greasy wool handle. Greasy wool
handle became harsher as birth rearing type (BRT)
increased (0.08 0.30). Offspring born as multiples
had harsher wool than those born as twins and singles.
Wethers had smoother handling wool compared with
ewes (0.03) and progeny of older dams had better
handling wool than progeny from younger dams
(0.01).
Full data-set: the inﬂuence of individual terms in the
most predictive model
According to the Z ratio (Zr), CHAR (Zr 14.43) was
the most inﬂuential trait in the most predictive model
(Table 4). It was followed by FDSD (Zr 8.11), RTOC
(Zr 4.48), ACROSSSDD (Zr 3.45), CURVSD (Zr
1.98) and ALONGSDD (Zr 1.45). Greasy wool
handle improved as CHAR improved in uniformity.
Greasy wool handle deteriorated as FDSD increased.
However, ACROSSSDD and ALONGSDD had the
opposite effect compared to FDSD with handle
improving as both ACROSSDDD and ALONGSDD
increased. Greasy wool handle improved as RTOC
declined. Increases in birth type and rearing type had
a negative effect on greasy wool handle, such that
twin or multiple born or raised animals had harsher
greasy wool handle than those born and raised as
singles. Sex of the animal and age of their dam had
little effect on greasy wool handle.
Restricted data set: the most predictive models
For the restricted data-set, the model greasy wool
handle = 0.23 + 0.47CHAR+ 0.07RTOC+ 0.02FDCV+
0.03ALONGCVD was the most predictive model
(Table 5). The ﬁxed effects in the restricted data-set
had a similar effect on the model as those in the full
data-set.
Table 2. Greasy wool handle data from the eight IN sites.
Site
Full data set Restricted data set
2007 2008 2009 Total 2007 2008 2009 Total
Kirby (IN01) (NSW) 212 253 202 667 – – – –
Trangie (IN02) (NSW) – 207 184 391 – 207 184 391
Cowra (IN03) (NSW) – – 172 172 – – 172 172
Rutherglen (IN04) (VIC) – – – – – – – –
Hamilton (IN05) (VIC) – – 129 129 – – – –
Struan (IN06) (SA) – – 118 118 – – – –
Turretﬁeld (IN07) (SA) 179 213 139 531 179 213 140 532
Katanning (IN08) (WA) 202 162 364 – – – –
Total 594 673 1106 2372 179 420 496 1095
Note: If the site did not assess greasy handle then the site is recorded as (–) and was not included in the total record.
























Restricted data-set: the inﬂuence of individual terms
in the most predictive model
Greasy wool handle improved as CHAR increased in
uniformity and consistency (Table 6). It was the most
inﬂuential trait in the model according to the Z ratio.
Greasy wool handle deteriorated as ALONGCVD,
FDCV and RTOC increased. These three traits had
approximately the same level of inﬂuence in the
model. Greasy wool handle became harsher as birth
type and rearing type increased and wethers had
smoother greasy wool handle compared with ewes.
Dam age had no effect on greasy wool handle in the
restricted data set.
Discussion
Is it possible to predict greasy wool handle from
current assessed and measured traits?
Based on the full data-set, greasy wool handle can be
predicted from current assessed and measured traits
albeit with medium to low accuracy. The MSPE of
the models used for the restricted data-set were
smaller and accounted for more variation in greasy
wool handle compared to the full data-set. It was
expected that the restricted data-set would account for
more variation than the full data-set as the assessors
had greater familiarity with the scoring system and
therefore greater consistency in scoring greasy wool
handle. The difference in MSPE between the two
data-sets demonstrated that genetic improvement of
greasy wool handle may be limited by the ability of
the assessors to assess greasy wool handle accurately
and consistently. This reinforces the need for further
reﬁnement of the greasy wool handle assessment pro-
tocol and the development of standards for assessors
to use during the assessment.
For both data-sets, there was no overall ‘best’
model. A number of models could be used to predict
greasy wool handle due to little difference evident in
MSPE between the top 15 models. From an economic
Table 3. The most predictive models from the full data-set.
Model Model terms Number of terms MSPE ± SE
1 CHAR+RTOC+CURVSD+FDSD+ALONGSDD+ACROSSSDD 6 0.55 ± 0.006
2 CHAR+RTOC+CURV+CURVSD+FDSD+ALONGSDD+ACROSSSDD 7 0.55 ± 0.004
3 CHAR+RTOC+CURVSD+FDSD+ACROSSSDD 5 0.55 ± 0.004
4 CHAR+RTOC+CURV+CURVSD+FDSD+ACROSSSDD 6 0.55 ± 0.004
5 CHAR+RTOC+CURV+FDSD+ALONGSDD+ACROSSSDD 6 0.55 ± 0.005
6 CHAR+RTOC+FDSD+ACROSSSDD 4 0.55 ± 0.004
7 CHAR+RTOC+CURVSD+FDSD+ALONGCVD+ACROSSSDD 6 0.55 ± 0.005
8 CHAR+RTOC+CURV+FDSD+ACROSSSDD 5 0.55 ± 0.005
9 CHAR+RTOC+FDSD+ALONGSDD+ACROSSSDD 5 0.55 ± 0.005
10 CHAR+RTOC+CURV+CURVSD+FDSD+ALONGCVD+ACROSSSDD 7 0.55 ± 0.004
11 CHAR+FDSD+ALONGSDD+ACROSSSDD 4 0.55 ± 0.005
12 CHAR+RTOC+CURV+FDSD+ALONGCVD+ACROSSSDD 6 0.55 ± 0.005
13 CHAR+CURV+CURVSD+FDSD+ALONGSDD+ACROSSSDD 6 0.55 ± 0.005
14 CHAR+RTOC+FDSD+ALLONGCVD+ACROSSSDD 5 0.55 ± 0.005
15 CHAR+FDSD+ACROSSSDD 3 0.55 ± 0.005
Table 4. Solutions for each term in the most predictive model from the full data-set.
Effect Solution Standard error Z ratio F Inc. P value
CHAR 0.27 0.019 14.43 344.50 0.00
FDSD 0.52 0.064 8.11 81.43 0.00
RTOC 0.10 0.022 4.48 43.56 0.00
ACROSSSDD 0.17 0.048 3.45 11.91 0.00
CURVSD 0.01 0.002 1.98 12.12 0.05
ALONGSDD 0.07 0.051 1.45 0.35 0.15
BRT_(BT1RT1) 0.00 NA NA 8.95 0.00
BRT_(BT2RT1) 0.12 0.046 2.54 NA NA
BRT_(BT2RT2) 0.08 0.032 2.56 NA NA
BRT_(BT3RT1 & 2) 0.30 0.073 4.15 NA NA
BRT (BT3RT3) 0.17 0.093 1.78 NA NA
SEX (Ewe) 0.00 NA NA 18.01 0.23
SEX (Wether) 0.03 0.027 1.21 NA NA
Dam age 0.01 0.027 0.45 >0.01 0.67
(Intercept) 0.28 0.321 0.89 127.60 0.53
























point of view, models that excluded RTOC due to the
expensive nature of measuring this trait and the small
change in the accuracy of the prediction would be the
cost-effective method of predicting greasy wool han-
dle. Overall, the relatively high MSPE associated with
the models in this analysis indicates that assessment
of greasy wool handle does provide additional infor-
mation on greasy wool handle that is not accounted
for by traits included in the multivariate analysis.
However within and between scorer variation in the
assessment of greasy wool handle, environmental
factors (such as dust penetration and staple weather-
ing) may have confounded the assessment of greasy
wool handle and contributed to the error associated
with the various models.
The multivariate analyses demonstrated that
CHAR, RTOC and a derivative of FDSD are impor-
tant predictors of greasy wool handle. Better handling
wools were more uniform in CHAR and had lower
FDSD which is consistent with previous literature
(Lax, Swan, & Purvis, 1995; Purvis, 1990). However,
as greasy wool handle became harsher, both
ALONGSDD and ACROSSSDD decreased. This ﬁnd-
ing was unexpected as FDSD is derived from both
ALONGSDD and ACROSSSDD.
CHAR had the biggest inﬂuence in all models and
was therefore the single best predictor of greasy wool
handle. CHAR is an assessment of the uniformity and
consistency of crimp along the wool staple and
smoother better handling wool tended to have superior
uniformity and consistency of crimp. It was expected
that wool exhibiting high crimp deﬁnition in conjunc-
tion with low crimp frequency would be challenging
to assess due to potential difﬁculties in distinguishing
between the frictional surface features of the wool and
the natural sine wave of the wool. The assessment of
CHAR is also an assessment of ﬁbre alignment
(Hansford, 1996; Madeley, Postle, & Mahar, 1998)
with better handling wool demonstrating to have better
consistency in wool ﬁbre alignment. It is unknown
Table 5. The most predictive models from the restricted data-set.
Model number Model Terms in model MSPE±SE
1 CHAR+RTOC+FDCV+ALONGCVD 4 0.34 ± 0.005
2 CHAR+FDCV+ALONGCVD 3 0.34 ± 0.005
3 CHAR+RTOC+CURV+FDCV+ALONGCVD 5 0.34 ± 0.005
4 CHAR+RTOC+FDCV 3 0.34 ± 0.006
5 CHAR+RTOC+CURVSD+FDCV+ALONGCVD 5 0.34 ± 0.005
6 CHAR+CURV+FDCV+ALONGCVD 4 0.34 ± 0.005
7 CHAR+RTOC+FDCV+ALONGCVD+ACROSSSDD 5 0.34 ± 0.005
8 CHAR+CURVSD+FDCV+ALONGCVD 4 0.34 ± 0.005
9 CHAR+RTOC+CURV+CURVSD+FDCV+ALONGCVD 6 0.34 ± 0.005
10 CHAR+RTOC+FDCV+ACROSSSDD 4 0.34 ± 0.006
11 CHAR+RTOC+CURV+FDCV 4 0.34 ± 0.006
12 CHAR+FDCV 2 0.35 ± 0.005
13 CHAR+CURV+CURVSD+FDCV+ALONGCVD 5 0.35 ± 0.005
14 CHAR+RTOC+CURVSD+FDCV 4 0.35 ± 0.006
15 CHAR+RTOC+CURV+FDCV+ALONGCVD+ACROSSSDD 6 0.35 ± 0.005
Table 6. Solutions for each term in the most predictive model from the restricted data-set.
Effect Solution Standard error Z ratio F Inc. p value
CHAR 0.47 0.028 16.91 376.80 0.00
ALONGCVD 0.03 0.010 3.26 10.59 0.00
RTOC 0.07 0.024 2.87 7.59 0.00
FDCV 0.02 0.001 2.47 14.41 0.01
BTRT_(BT1RT1) 0.00 NA NA 10.79 0.04
BTRT_(BT2RT1) 0.03 0.067 0.50 NA NA
BTRT_(BT2RT2) 0.08 0.040 2.01 NA NA
BTRT_(BT3RT1 and 2) 0.18 0.082 2.19 NA NA
BTRT (BT3RT3) 0.18 0.085 2.16 NA NA
SEX_Ewe 0.00 NA NA 19.15 0.00
SEX_Wether 0.11 0.032 3.38 NA NA
Dam age 0.01 0.018 0.70 0.74 0.49
(Intercept) 0.23 0.321 0.70 171.80 0.79
























whether wool ﬁbre alignment interferes in the assess-
ment of surface textural features and maybe the reason
why highly deﬁned and lowly crimped wool is not
considered harsh as expected.
Conclusion
The multivariate analyses has shown that greasy wool
handle is not able to be predicted with sufﬁcient accu-
racy from currently assessed and measured traits to
replace the current assessment method for greasy wool
handle. This indicates that assessment of greasy wool
handle does provide information regarding ﬁbre char-
acteristics that other ﬂeece traits cannot account for
and highlights the need to improve the robustness of
the assessment protocol for greasy wool handle.
Further work is planned to increase our understand-
ing of the potential beneﬁts of using greasy wool han-
dle standards to calibrate assessors, variation in
assessors’ sensitivity to greasy wool handle grade
differences, verify the impact of visual cues (such as
crimp deﬁnition and frequency) on the assessment of
greasy wool handle and methods that can improve in
developing a robust assessment for greasy wool handle.
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Chapter 3. The repeatability of textural wool handle. 
Introduction: 
The assessment of textural greasy wool handle is a tactile subjective assessment. Compared with more 
defined, extensively researched traits, textural greasy wool handle assessment can be described as 
crude, rudimentary and personal. However, if defined correctly, it has the potential to be a fast, 
inexpensive and potentially effective means of quantifying differences between animals for genetic 
improvement, flock management and wool classing purposes. For subjectively assessed traits, such as 
textural greasy wool handle, it is the conditions and interpretation of the protocol that dictates whether 
the trait can be effectively assessed. 
Extensively researched traits such as fibre diameter, yield and staple strength have recognised 
IWTO test methods. These test methods document the required testing procedures and ensures 
consistency, repeatability and unbiased results. However, in some circumstances, accommodating 
these procedures can be time consuming, expensive and require specific testing conditions such as the 
correct humidity and temperature. 
Results from chapter 2 “Predicting textural greasy wool handle” demonstrated the inability 
to predict textural greasy wool handle from commonly measured wool quality traits. This therefore 
validates the importance of the assessment of textural greasy wool handle for producers who value 
fleece attributes such as wool softness. Preston et al. (2013) suggested that some of the variation 
unaccounted for may have been the result of inconsistency in the assessment of textural greasy wool 
handle due to the different skill and experience between assessors and their interpretation of the 
existing protocol. The following question therefore arises: How valid is the assessment? What is the 
scorer repeatability of textural greasy wool handle? Is it important to refine the current assessment 
protocol to improve the validity of the assessment? 
This chapter will aim to further develop a reliable and accurate assessment model for textural 
greasy wool handle that the whole wool industry can use. In providing some industry context, 
Mortimer (2007) illustrated that, subjective wool traits require the development of standards to 
increase adoption, improve accuracy and precision.  Following this, the Australian wool industry 
released standards for Visual Sheep Scores (Australian Wool Innovation Meat Livestock Australia 
2007) in 2007 and an improved version 2 (Australian Wool Innovation Meat Livestock Australia 
2013) in 2013. These standards provide details on how to assess a suite of visual wool quality, 
conformation, and breech traits. It provides detailed images of different scores to aid in the assessment 
of these traits. The aim of the booklet was to develop a standard that researchers and producers could 
use to develop some consistency in the assessment. Substantial effort was put into the development of 
these standards to develop accuracy and continuity across the industry. Textural greasy wool handle 
was not included in this booklet because: 
1. It is not a visual trait. It is a tactile trait.  
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2. The complexity of the trait is difficult to describe adequately. 
3.  The difficulty to develop consistency between assessors across the industry. 
Currently, there is no estimate for the precision of the textural greasy wool handle assessment from 
the same assessor or variation between different assessors. Questions such as, “Are the results 
meaningful?” or “Is one assessor’s scoring scale the same as others?” have not been addressed. 
Estimates of the scorer repeatability of textural greasy wool handle will determine if further training is 
required to assess textural greasy wool handle. It will also detail what actions can be included in the 
protocol to improve precision and determine if experience improves the level of precision? The flow 
on effects of improving the precision of the assessment of textural greasy wool handle will ultimately:  
1. Achieve greater genetic gain in breeding programs involving fibre diameter and textural 
greasy wool handle by facilitating the estimation of breeding values to use when 
identifying superior sires.  
2. The integration of textural greasy wool handle as a trait that is reported by Sheep 
Genetics in across flock reports. 
3. Interpreting the correct association between textural greasy wool handle, other important 
wool fibre attributes and relationships throughout the processing pipeline. 
4. Correct validation of new technology used in fibre metrology relating to handle. 
As with most of the “Visual Sheep Scores”; textural greasy wool handle is assessed on a 1-5 basis. 
The protocol instructs the assessor to describe the roughness or softness of the wool fibre by stroking 
the fibre and converting it to a 1-5 score. It is expected that this is more difficult than assessing other 
subjective visual wool traits as it is challenging to adequately convey what an assessor feels into a 
concise easily interpreted assessment procedure.  
There have been very few studies that have evaluated the scorer repeatability of any 
subjective scoring protocol in the sheep and wool industry. Studies which have made some reference 
to scorer repeatability such as (Shands et al. 2009), have quantified the repeatability between 
assessors for a tactile subjective assessment such as fat scoring or condition scoring of sheep. That 
study compared different protocols to determine the most accurate and most precise for manual 
assessment of ewe fat reserves on-farm and compared the results to an objective measure of 
subcutaneous fat of the same animals after slaughter. Similar outcomes are the objective for this 
chapter. Chapter 2 “Predicting textural greasy wool handle”, identified the inability to estimate 
textural greasy wool handle from the existing suite of routinely assessed and measured wool traits. 
Following the estimation of the repeatability of textural greasy wool handle, this chapter will further 
focus on determining what factors affect the assessment of textural greasy wool handle or distort the 
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Changes to the published paper: 
“The repeatability of textural wool handle” 
Changes to the published paper: 
1. Page A, Introduction Paragraph 1: “Remove “although” from the beginning of the sentence: 
“Although Mortimer et al. (2010) demonstrated……” 
2. Page B, Paragraph 2: Change “This study will estimate the assessor repeatability of textural 
greasy wool handle at three different methods of assessment…..” to ““This study will 
estimate the assessor repeatability of textural greasy wool handle of three different methods 
of assessment…..” 
3. Page B Materials and method, Paragraph 1. The following: “…..and assessment of clean wool 
mid-side sample were conducted in a laboratory at Orange Agricultural Institute, Orange, 
New South Wales.” was changed to “…..and assessment of clean wool mid-side samples 
were conducted in a laboratory at Orange Agricultural Institute, Orange, New South Wales.” 
4. Page B, Materials and methods, Paragraph 3: Change “……..Assessor is asked…” to 
“…Assessor was asked….” 
5. Page E, Results, Paragraph 4: Change “Dam age was also not significant at any of the 
methods of assessment (P > 0.05).” To “Dam age was also not significant in any of the 
methods of assessment (P > 0.05).” 
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Abstract. Merino breeders use textural greasy wool handle in ram buying and breeding decisions. The effectiveness of
the current wool handle scoring system has not been objectively evaluated. The assessor repeatability of textural wool
handle was quantiﬁed using three different methods of assessment (on the live animal, as a greasy wool mid-side sample,
and as a clean (scoured) wool mid-side sample). The aim of the study was to determine which method of assessment is the
most repeatable. Three separately deﬁned repeatability estimates were calculated based on knowledge about the operator.
The ﬁrst estimate was based on the assessor repeatability from the operators used in this study. The second estimate
was calculated using replicate values obtained from the same random assessor and the third estimate was based on two
results from independent random assessors. The results demonstrated that the assessor repeatability was the greatest when
handle was assessed on the clean wool mid-side method, followed by the greasy wool mid-side assessment, and least in the
live-animal assessment. However, there was signiﬁcant variation in the repeatability estimates between the four assessors
used in the study. Accounting for ﬁxed effects such as sex, sire group, birth type and rearing type, decreased the variation
observed and thus had a negative impact on the assessor repeatability of textural wool handle. The results in this study
indicate that non-wool constituents negatively impact on the ability of an assessor to consistently assign a score for textual
handle in the greasy wool mid-side method. It is likely that the added cost and time required for scouring to assess handle in
the clean state may not be economically viable in most situations. However, the increase in repeatability by assessing
handle in greasy wool mid-side method compared with the live-animal assessment indicates that sheep producers should
use this strategy when evaluating the trait on-farm.
Additional keywords: Merino, sheep production, tactile, wool quality.
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Introduction
Textural greasy wool handle is assessed on-farm using a discrete
1–5 scale and primarily attempts to identify sheep with soft
wool. Softer wools are typically ﬁner, have lower crimp/unit
length and lower resistance to compression (Shah and Whiteley
1971). Textural greasy wool handle has been considered to be
of secondary importance in Merino wool breeding programs
(Anon. 1973). Some Merino breeders during the 1980s and
1990s used textural greasy wool handle in ram buying and
breeding decisions (Love et al. 1987; Casey 1991). However,
many wool breeding programs are now focussed solely upon
using objective measurements as subjective measurement has
been described as being unreliable (Beggs 1984).There is
evidence that selection of sheep using objective methods
alone may not provide the best possible genetic outcomes as
subjective traits may improve the responses to selection when
included in a selection index. Butler and Dolling (1991) found
evidence with Merino sheep that to genetically maximise an
index based on ﬂeece weight and mean ﬁbre diameter it was
necessary to include assessment of ﬂeece colour and ﬂeece
handle score in the selection index. Although Mortimer et al.
(2010) demonstrated greater genetic gain was achieved by
including subjective wool traits such as greasy wool handle in
the breeding index.
The assessment of textural greasy wool handle in the
Australian Merino industry has commonly used a ﬁve-score
scoring system (Morley 1955; Lax et al. 1995; Lewer et al.
1995; Ponzoni et al. 1995; Brown et al. 2002; Robinson et al.
2007; Mortimer et al. 2009), although a three-score system has
also been utilised (Mullaney et al. 1970; Purvis 1990). In none
of the aforementioned studies, has the report speciﬁed whether
the compressional or textural components of greasy wool handle
were studied. This is an important point, as it has been
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of greasy wool handle are inﬂuenced by different ﬁbre attributes
(Stevens 1994). The deﬁciencies in the current protocol for
assessment of textural greasy wool handle have been clearly
outlined elsewhere (Preston et al. 2016). The protocol used in
this study was formulated to disregard the compressional handle
characteristics of the wool and focus solely on the textural
components, as the latter is considered the primary measure of
greasy wool handle in the Australian sheep industry (A. Casey,
pers. comm.).
Greasy wool handle has been shown to be moderately to
highly heritable (0.18–0.40) (Morley 1955; Mullaney et al.
1970; James et al. 1990; Lax et al. 1995; Lewer et al. 1995;
Hatcher and Atkins 2000; Brown et al. 2002; Robinson et al.
2007; Mortimer et al. 2009) with sufﬁcient variation to achieve
genetic improvement. Some of the variation evident between
the reported heritability estimates and the range in magnitude of
the reported genetic correlations between greasy wool handle
and other wool production and quality traits maybe due to: the
structure of the data; differences between the studied populations
of sheep; the method of handle assessment used in each study
(i.e. textural or compressional handle); or due to the inability of
assessors to consistently assess textural greasy wool handle.
The effectiveness of the current scoring systemhas never been
objectively scrutinised. Estimation of the assessor repeatability
of scoring textural greasy wool handle will allow the precision
of the assessment to be quantiﬁed. This study will estimate the
assessor repeatability of textural greasy wool handle at three
different methods of assessment (the live-animal assessment,
greasy wool mid-side sample, the clean (scoured) mid-side
sample). Estimating the assessor repeatability in these three
different methods will determine the most repeatable method
for the assessment of wool handle and quantify sources of
variation affecting the assessment. Given the absence of scorer
repeatability studies for textural greasy wool handle assessment,
this study will increase our understanding of the trait with a view
to modifying the existing protocol to improve the precision
of assessment. Due to the inherit difﬁcult nature of translating
a tactile feeling to a discrete scoring system; the assessor
repeatability of greasy wool handle is expected to be low to
moderate, with an increase in assessor repeatability expected




The on-animal textural greasy wool handle assessment was
conducted at Trangie Agricultural Research Centre (TARC),
Trangie, New South Wales, Australia (31.99S, 147.95E).
Sheep grazed rangeland pasture consistent with pastures grown
in marginal rangeland country. The assessment of the greasy
wool mid-side sample were completed at the covered sheep
handling facilities, and the solvent scouring and assessment of
clean wool mid-side sample were conducted in a laboratory at
Orange Agricultural Institute, Orange, New South Wales.
Sampling and measurement
Two-hundred and seventy-three mixed sex Merino sheep were
selected from the Cooperative Research Centre for Sheep
Industry Innovation Trangie Information Nucleus (IN) ﬂock
(Fogarty et al. 2007; van der Werf et al. 2010). The selected
sheep included three age groups (1, 2 and 3 years of age). All
sheep had ~10 months of wool and were run as a single ﬂock.
The sheep used in this study were the result of an annual
artiﬁcial insemination program. Industry sires were chosen
based on their genetic diversity in several production traits.
The ﬂock included sires from ultra/superﬁne (1), ﬁne/ﬁne
medium (2) and medium/strong (3) Merino bloodlines. Offspring
were pedigreed at birth and noted for sex and birth type.
Rearing type was recorded at weaning.
Live-animal textural wool handle scoring
Four assessors were asked to follow the textural wool handle
protocol described by Casey and Cousins (2010). In the
protocol, the assessor is asked to locate the right mid-side
position on the animal as it has been demonstrated to be the
optimal site of assessment (Preston et al. 2014). The ﬂeece over
the mid-side position was parted and stroked in a base to tip
direction and scored based on the textural friction felt. Each of
the assessors had a previous background and knowledge about
the wool industry and were expected to be competent at the
assessment. However, none of the assessors included in the
study were practicing classers. The assessment protocol
consisted of a ﬁve-point scoring system with a low score
representing desirable textural greasy wool handle.
Prior to assessment, reference or handle standards were
developed. The TARC IN ﬂock was routinely scored
each year for textural greasy wool handle by a professional
sheep classer. These records were collated and ﬁve sheep per
handle grade were initially selected from the TARC IN ﬂock
to represent each textural wool handle grade. Each of these
sheep was then reassessed by the four assessors until one
sheep was selected that the assessors agreed best represented
each textural wool handle grade. Mid-side samples were taken
from the right side of each selected sheep using electric clippers,
with one staple selected from each mid-side sample to be used
as reference samples. These reference staples were available
to the assessors during each assessment to help calibrate their
evaluation.
The remainder of the 273 sheep were assessed for textural
wool handle in random order by the four assessors. The sheep
were moved through the yards in groups of 20–30. Once penned
in the race, each sheep was lightly restrained against the side
panel of the race and assessed for textural wool handle based on
instructions detailed in the assessment protocol. Brieﬂy, textural
greasy wool handle was assessed by parting the ﬂeece on the
right mid-side of the sheep; making sure to assess a wool staple
bundle that had minimal environmental damage (i.e. little dust
presentation or staple weathering). The wool staple bundle was
stroked from base to tip with any part of the hand the assessor
thought to be the most effective method. The assessor graded
the sheep based on the friction felt during stroking of the staple.
A score one represented wool that was very smooth and had
minimal feeling of roughness, whereas score ﬁve represented
wool that was very rough and had a harsh and abrasive surface.
The four assessors worked in teams of two, scoring and
recording. Once each sheep in the race had been assessed, the
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team changed roles and the process was replicated. Each
assessor started at the same end of the race to ensure that they
did not remember their fellow team member’s scoring pattern.
The sheep were released back into a holding yard until all
sheep were assessed where they were again randomly put back
up the race to replicate the process.
Due to limited time, only two replications for two assessors
and one assessment for the remainder of the two assessors were
completed.
Greasy mid-side handle assessment
Following the conclusion of the live-animal textural wool handle
assessment, a 70-g mid-side wool sample was clipped at skin
level from the right side of each sheep using electric clippers. The
mid-side of the sheep was identiﬁed by ﬁnding the accompanying
anatomical position of the middle of the 13th rib of the sheep
to start the shearing blow towards the head of the sheep.
Samples were bagged, numbered and transported back to
Orange Agricultural Institute. Each mid-side sample was further
subsampled, with three wool staples chosen to represent each
sample. Each set of three staples were placed in random order in
wool staple trays and assigned a laboratory number to ensure
the identity of the sheep from which it was sampled remained
unknown to the assessors.
Textural wool handle was then assessed according to the
protocol devised by Casey and Cousins (2010) with minor
alterations in respect to the method of assessment (i.e. both the
greasy and clean mid-side sample state). For the greasy mid-side
handle assessments, the assessor was asked to assess all three
wool staples from each sample. Each assessor stroked each
greasy wool staple from base to tip and provided a score based
on the poorest grade out of the three wool staples assessed. The
set of three staples were then placed back into the wool staple
trays where they were ordered into different staple trays ready
for the next assessment. Each of the four assessors replicated
the assessment during three different sittings. Special care was
made to keep the staple attributes consistent throughout the
study. Excessive stroking of the staple increased the incidence
of felting and destruction of the ﬁbre staple bundle. If a wool
staple began to show signs of felting it was removed from the
study and replaced with another greasy wool staple from the
associated mid-side sample.
Clean mid-side handle assessment
Solvent scouring
The three wool staples from the greasy wool mid-side handle
assessment were solvent scoured using procedures described
by Fish (2012). A solution of ethanol (Chem Supply, Gilman,
SA, Australia) and Teric G12A4 (Huntsman Corporation,
Melbourne, Vic., Australia) solvent solution (concentration
10 : 1) was used to remove the dirt and grease present in each
wool staple. A batch of 10 wool staples were delicately placed
in the ethanol/Teric solution and soaked for 10 min. A spring-
metal clip was placed on the base of the wool staple to avoid
disintegration of the staple once the non-wool constituents
were removed. The wool staple was lightly patted with
absorbent paper towel to help dislodge any foreign particles
present between the wool ﬁbres. The wool staples were then
rinsed in pure ethanol and air-dried for 12 h in a ventilated fume
cupboard. The ethanol/Teric solution was replaced following
the completion of each batch of 10 staples with clean ethanol/
Teric solution and the cleaning process was repeated with the
next batch of greasy wool staples.
Clean handle assessment
Each set of three solvent scouredwool stapleswere placed back
in the staple trays in random order ready for the clean mid-side
wool handle assessment. Once again each assessor was asked to
stroke each wool staple in a base to tip direction for all three wool
staples and assign a scorebasedon the friction felt. Eachwool staple
was assessed and the worst score from each of the three staples
was recorded. After each assessment, the set of three staples were
randomly assigned into different staple trays and reassessed to
achieve the required three replications by each assessor. Again if
any wool staple showed signs of felting, it was removed and
another wool staple was scoured and included in the study.
Statistical analyses
The repeatability deﬁnition is open to different interpretations.
For example, are the repeat measurements on an individual to
be performed by the same operator/machine; at the same time;
at the same location on the individual? Because of this lack of
clarity we present below three estimates of assessor repeatability
for textural greasy wool handle. Each estimate provides results
from the three different methods of assessment (live-animal,
greasy mid-side sample or clean mid-side sample). The ﬁrst
estimate is for repeated-measurements by a speciﬁc operator.
This repeatability estimate is speciﬁc to the four assessors who
were included in the study. The second estimate is for a future
unspeciﬁed operator. In other words it describes the repeatability
of two repeated assessments from a random assessor. The third
calculation estimates the repeatability of recurrent assessment
from different random operators. Two base models are used to
estimate the above repeatability estimates based on the reported
results, with the models ﬁtted to data for each method of
assessment (live-animal, greasy mid-side sample, clean mid-
side sample) separately.
Handle ¼ meanþ Operator þ Animalþ error Model 1
Handle ¼ meanþ Operator þ Animal
þ Operator : Animalþ error Model 2
The three estimates of repeatability were then calculated as
follows:
Repeatability estimate 1
Estimates were obtained for each speciﬁc operator separately.
This describes the repeatability of the speciﬁc operator used
within the study. To estimate this, Model 1 was used under the
assumption that the Animal effects were random with variance
VA and the error variance for the jth operator was VEj.
Repeatability for the jth operator was given by VA/(VA + VEj).
Repeatability estimate 2
Estimates are obtained for a random chosen single operator.
This describes the repeatability where two results are chosen
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from one operator to estimate this, Model 2 was used under the
assumption that the Animal effects were random with variance
VA, the Operator : Animal effects were random with variance
VOA, and the error variance was VE. Operator effects were
ﬁtted as ﬁxed effects. Repeatability here is given by (VA +
VOA)/(VA + VOA + VE).
Repeatability estimate 3
Estimates are obtained for replicate results from different
operators. This describes the repeatability of two random
results from different operators. To estimate this Model 2 was
used but under a slightly different formulation than that used
for Repeatability estimate 2. Here Operator effects were also
included in the model as random effects with variance VO.
Repeatability here was given by VA/(VO + VA + VOA + VE).
The statistical package ASRemL (Butler et al. 2009), run
under the program R (R Development Core Team 2013), was
used to ﬁt the above models and to estimate the variance
components. Repeatabilities were then estimated by simply
using the respective variance components in the above
expressions for repeatability.
Calculationof standard errors for estimates of repeatability
Standard errors for the repeatability estimates were calculated
following the parametric procedure given in Section 2.3.2 of
Thai et al. (2013). Parametric bootstrap methods were ﬁtted
to generate independent variables and simulate sample data.
Simulations were conducted 1000 times to estimate likely
standard errors for each repeatability estimate.
Accounting for further ﬁxed effects
Fixed effects such as age (1, 2 or 3), sex (male or female), sire
group (ultra/superﬁne (1), ﬁne/ﬁne medium (2) and medium/
strong wool (3) Merino bloodlines, birth type (1, 2, 3 or 4, born
as a single, twin, triplet or quadruplet), rearing type (raised to
weaning as a single, twin or triplet), and dam age (3, 4, 5, 6 or
7 years of age) were screened to determine their impact on the
greasy wool handle repeatability estimates. The model with
additional ﬁxed factors reported repeatability estimates for the
three described methods of repeatability estimation. Standard
errors were again bootstrapped to generate independent
variables from simulated sample databased on 1000 simulations
to estimate likely standard errors.
Results
Textural wool handle averaged 2.47 for the live-animal method,
2.61 for greasy mid-side method and 2.72 for clean mid-side
method (Table 1) indicating mean textural wool handle scores
increased. This was signiﬁcant between on-animal and clean
handle assessment. However, the response for each assessor
differed. Assessors 1 and 2 had the highest (harshest) average
score for the clean mid-side wool handle method, whereas
Assessors 3 and 4 had the harshest average score for the live-
animal and greasy mid-side wool handle assessment method
respectively. The variance at each method of assessment
ranged from 0.11 to 0.59 across all three methods of assessment.
Repeatability estimates
For repeatability estimate 1, assessment at the live-animalmethod
wasmoderately repeatablewith assessors ranging in repeatability
from 0.21 to 0.29  0.03 (Table 2) (repeatability estimate 1).
Assessment at the greasy mid-side wool handle method was
also moderately repeatable with estimates ranging from 0.30 to
0.47  0.03. These results indicate that the handle assessment
of a greasy mid-side wool sample was more repeatable than
the live-animal assessment. Assessment of clean mid-side wool
handle ranged from 0.33 to 0.56  0.03 and was moderately to
highly repeatable with Assessor 1 demonstrating the highest
repeatability followed by Assessor 2, 3 and 4 respectively
(Table 2). Therefore, the assessors varied in their repeatability
rankings across the three methods of assessment. For the live-
animal and greasy mid-side wool assessment, Assessor 2 was the
most repeatable followed byAssessor 4, Assessor 3 andAssessor
1. However, in the clean mid-side wool state Assessor 1 was the
most repeatable followed by Assessor 2, Assessor 3 and
Assessor 4. The animal variance increased from the live-
animal (0.15), to the greasy mid-side wool (0.22) and clean
mid-side wool (0.25) assessment states (Table 2), and may
account for the increase in the repeatability.
For repeatability estimate 2 (relating to a future unspeciﬁed
operator) (Table 3), the assessor repeatability was shown to be
moderate to high at the three methods of assessment. Clean
Table 1. Mean textural handle score  the variance at each method
of assessment and for each assessor
Lowercase letters denote signiﬁcance
Method of assessment Live-animal Greasy mid-side Clean mid-side
Assessor 1 2.53 ± 0.50 2.46 ± 0.55 2.91 ± 0.18
Assessor 2 2.27 ± 0.36 2.58 ± 0.41 2.61 ± 0.49
Assessor 3 2.86 ± 0.59 2.72 ± 0.11 2.77 ± 0.53
Assessor 4 2.36 ± 0.53 2.71 ± 0.22 2.57 ± 0.53
Overall mean 2.47 ± 0.21a 2.61 ± 0.26a 2.72 ± 0.32b
Table 2. Animal variance (Varanimal), repeatability, standard error (s.e.) and conﬁdence interval (CI) for textural wool handle repeatability
estimate 1 for each method of assessment
Method of assessment Live-animal Greasy mid-side wool Clean mid-side wool


















Assessor 1 0.15 0.21 ± 0.02 0.17 0.26 0.22 0.30 ± 0.02 0.26 0.34 0.25 0.56 ± 0.03 0.50 0.61
Assessor 2 0.29 ± 0.03 0.23 0.35 0.47 ± 0.03 0.42 0.52 0.45 ± 0.03 0.40 0.51
Assessor 3 0.24 ± 0.03 0.18 0.29 0.35 ± 0.03 0.30 0.40 0.34 ± 0.02 0.29 0.39
Assessor 4 0.28 ± 0.03 0.22 0.35 0.43 ± 0.03 0.38 0.49 0.33 ± 0.02 0.28 0.38
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mid-side wool state had the highest assessor repeatability
(0.52  0.03) followed by greasy mid-side wool method
(0.47  0.02) and live-animal assessment state (0.38  0.06).
When repeated-measurements were provided by different
operators (repeatability estimate 3) (Table 3), the assessor
repeatability was low to moderate, with clean mid-side wool
method (0.42  0.03) showing the highest repeatability
followed by greasy mid-side wool (0.36  0.03) and then the
live-animal assessment (0.21  0.03).
Accounting for further ﬁxed effects
Assessor (P<0.001), sire group (P<0.001), birth type (P<0.025)
and rearing type (P < 0.003) all had a signiﬁcant impact on
textural wool handle at all states of assessment (Table 4). Year
of birth was a signiﬁcant term in the clean mid-side wool method
(P = 0.005) but was not signiﬁcant at the live-animal and greasy
mid-side wool state (P > 0.05). Dam age was also not signiﬁcant
at any of the methods of assessment (P > 0.05). Dam age and
year of birth were therefore removed from the ﬁnal model.
When the additional ﬁxed effects were accounted for
(Table 5), the variance between animals was reduced by
0.02–0.04 and the assessor repeatability estimate 1 decreased.
By including the additional ﬁxed factors, assessor repeatability
estimates at the live-animal state decreased by 0.02–0.03 across
the four assessors compared with the original model. At the
greasy mid-side, assessor repeatability estimates decreased by
0.04–0.05 and similarly compared with the clean mid-side wool
state with the repeatability estimates decreased by 0.03 across
the four assessors (Table 3 compared with Table 5).
For assessor repeatability 2 and 3 estimates (Table 6), the
animal variance decreased by between 0.02 and 0.04 compared
with the original model (Table 5). Similarly, the repeatability
estimates decreased by 0.01–0.04 compared with the original
model (Table 5).
Discussion
The most important ﬁnding was that the highest assessor
repeatability for textural wool handle occurred when wool was
assessed in the clean scouredmethod and the lowest repeatability
occurredwhen handle was assessed on live animals. The assessor
repeatability estimates increased from the live-animal method
to the greasy mid-side method and then to the clean mid-side
method. There are several plausible explanations for what may
have contributed to this result. For instance, as the assessors
progressed through the different methods of assessment each
subsequent state was designed to remove some of the known
Table 3. Animal variance (Varanimal), repeatability, standard error (s.e.), conﬁdence interval (CI) for repeatability estimates 2 and 3 at each
method of assessment
Repeatability estimate 2 Repeatability estimate 3
Assessment method Varanimal Repeatability ± s.e. 2.5% CI 95% CI Repeatability ± s.e. 2.5% CI 95% CI
Live-animal 0.14 0.38 ± 0.06 0.28 0.52 0.21 ± 0.03 0.15 0.27
Greasy mid-side 0.22 0.47 ± 0.02 0.42 0.51 0.36 ± 0.03 0.31 0.41
Clean mid-side 0.28 0.52 ± 0.03 0.47 0.57 0.42 ± 0.03 0.36 0.47
Table 4. Wald test for additional ﬁxed effects included in the model for textural wool handle across the three methods of assessment
Method of assessment Live-animal Greasy mid-side Clean mid-side
Source d.f. F incl. F con. P-value d.f. F incl. F con. P-value d.f. F incl. F con. P-value
Intercept 1 7781.00 110.90 <0.001 1 8998.00 106.10 <0.001 1 8786.00 126.10 <0.001
Assessor 3 50.86 50.69 <0.001 3 28.79 28.80 <0.001 3 72.33 72.33 <0.001
Sire group 1 17.88 16.58 <0.001 1 39.12 35.06 <0.001 1 29.54 25.38 <0.001
Birth type 1 0.01 5.08 0.025 1 1.82 11.63 0.001 1 0.50 6.13 0.014
Rearing type 1 10.59 10.17 0.002 1 14.19 11.96 0.001 1 8.63 8.96 0.003
Year of birth 1 0.01 0.01 0.93 1 0.89 0.89 0.35 1 7.90 7.93 0.005
Dam age 1 0.02 0.02 0.90 1 0.95 0.95 0.33 1 1.75 1.75 0.188
Table 5. Animal variance (Varanimal), repeatability, standard error (s.e.) and conﬁdence interval (CI) for textural wool handle repeatability
estimate 1 for each method of assessment with the addition of accounting for additional ﬁxed effects



















Assessor 1 0.13 0.19 ± 0.02 0.14 0.24 0.18 0.26 ± 0.02 0.22 0.30 0.22 0.53 ± 0.03 0.47 0.58
Assessor 2 0.26 ± 0.03 0.20 0.32 0.42 ± 0.03 0.36 0.47 0.42 ± 0.03 0.36 0.48
Assessor 3 0.21 ± 0.03 0.16 0.27 0.30 ± 0.02 0.26 0.35 0.31 ± 0.02 0.27 0.36
Assessor 4 0.25 ± 0.03 0.19 0.32 0.39 ± 0.03 0.34 0.44 0.30 ± 0.02 0.26 0.34
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variables that can impact on handle assessment. During the live-
animal assessment, variable climatic conditions were evident,
such as changes in temperature and humidity during the day,
whichmayhaveaffected the results. Similarly, during live-animal
assessment in the sheep yards, the assessor is always inﬂuenced
by time constraints as it is recommended to keep sheep off
water before handling. The time constraints may also impact
on their judgement and ability to consistently assess each animal.
The live-animal assessment may require the assessor to restrain
the animal so the assessment procedure is more physically
demanding. In comparison, assessing textural wool handle on
a mid-side sample in laboratory conditions eliminates extreme
climatic conditions and the stressful environment of live-animal
assessment, and thus can be attributed to the increase in assessor
repeatability. In the present study, special effort was made to
ensure each assessor felt comfortable during their laboratory
assessment of textural wool handle. Procedures such as access
to handle standards for eachmethod of assessment and providing
an unconstrained time-frame to assess textural wool handle in
both the greasy mid-side and clean mid-side methods attempted
to provide an unbiased assessment at each of the assessment
methods.
Scouring of the wool staples removed non-wool constituents
such as suint, wax and dirt from impacting on the handle
assessment. Previous studies have highlighted the inconsistent
effect of non-wool constituents on the assessment of greasy
wool handle (Roberts 1956; Campbell and Lang 1965). The
results of this study support the notion that non-wool
constituents negatively impact on the assessor repeatability of
greasy wool textural handle. However, dramatic increases in
the accuracy and precision of handle assessment would be
required to offset the cost and time to complete the laboratory
scouring process to assess textural wool handle on clean wool
samples.
It may also be argued that the improvements in each assessor’s
ability to score textural greasy wool handle in the different
methods of assessment is the result of practice or experience
gained over time. It is plausible that a proportion of the increase
in the repeatability is due to a learning effect. However, it is
difﬁcult to quantify what portion of the gain in repeatability
occurred through the learning effect due to the experimental
design used in this study. Completing the three methods of
assessment in random order rather than progressing from the
live animal, to greasy mid-side wool handle and then clean mid-
side wool handle as per the present study, is a likely method to
quantify this. However, this approach would be more tedious for
both the assessors and the experimental animals involved, and
require signiﬁcantly longer time in the ﬁeld. Nevertheless, the
results of this study can be viewed as the upper limits of the
expected assessor repeatability of wool handle (due to the
learning effect).
The progressive increase in assessed textural handle
throughout the study from the live animal to the clean mid-
side state may possibly be due to a gradual change to the wool
staple bundle arrangement or ﬁbre alignment of each staple.
Staple structure and wool character have been shown to have
a signiﬁcant effect on textural wool handle (S. Hatcher and
J. W. V. Preston, unpubl. data). With respect to this study,
excessive rubbing can cause felting of the wool ﬁbre which
can alter the staple bundle, crimp formation and the uniform
alignment of ﬁbres, which can affect the assessment of greasy
wool handle (Stevens 1994). This study included clear
guidelines that ensured that wool staples which showed visible
signs of felting were removed from the study and replaced
with another wool staple from the original mid-side sample.
There was also a concern that excessive stroking of each staple
during assessment may remove a portion of the suint and wax
present on each of the wool samples. As a result, each assessor
was asked to avoid excessive handling of the wool staples.
Staple trays containing the wool staples were stored in large
plastic bags after each assessment. However, it was not possible
to quantify if either of these factors contributed to the gradual
increase in handle grade scores from the live-animal to greasy
mid-side to clean mid-side method of assessment. Although, it
is reasonable to suspect that some of the grease was lost from
each sample with repeat assessments by the four assessors; it
is likely that the effect on our ﬁndings would be minimal as
the degree of loss would be similar across all of the staples used
in the study.
There are no studies which describe the assessor repeatability
of subjective wool quality traits and therefore it is difﬁcult to
compare the results obtained in the current study to previous
work. It was hypothesised that due to handle being a subjective
tactile assessment, its repeatability would be lower than other
subjective wool quality traits. Inferring greater knowledge about
the assessor in the study highlighted a greater repeatability. In
other words, the more we learn about the assessors the greater
parameters we can set around the assessment. The repeatability
of the assessors included in the study (repeatability 1) was
the highest compared with the two other parameters used to
describe the assessor. This included a future unspeciﬁed
operator (repeatability 2) and replicate results from different
future assessors (repeatability 3).
Nevertheless, the results demonstrate signiﬁcant variation in
estimates from the four assessors participating in this study. The
variation between the lowest to highest repeatability estimates
across the four assessors was shown to increase from the live-
animal method (rdiff = 0.08) to the greasy mid-side wool method
Table 6. Animal variance (Varanimal), repeatability, standard error (s.e.) and conﬁdence interval (CI) for repeatability estimates 2 and 3 of textural
wool handle at each method of assessment, while accounting for additional ﬁxed effects
Repeatability 2 Repeatability 3
Method of assessment Varanimal Repeatability ± s.e. 2.5% CI 95% CI Repeatability ± s.e. 2.5% CI 95% CI
Live-animal 0.12 0.37 ± 0.06 0.26 0.49 0.18 ± 0.03 0.13 0.24
Greasy mid-side 0.18 0.43 ± 0.03 0.38 0.48 0.32 ± 0.03 0.27 0.37
Clean mid-side 0.25 0.49 ± 0.03 0.44 0.55 0.39 ± 0.03 0.33 0.44
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(rdiff = 0.17) and then the clean mid-side wool handle method
(rdiff = 0.23). This observed variation poses the question: does
experience impact on the repeatability estimates? During the
design of this study, it was expected that each of the assessors
had a similar level of understanding of the mechanisms that
impact on textural greasy wool handle, and similar experience
in the assessment of textural greasywool handle. The variation in
the repeatability assessments between assessors suggests that
this was not the case, which leads to the conclusion that
greasy wool handle is a trait that requires skill and experience
to assess consistently. Further studies which look at repeatability
differences between professional sheep classers and novice
assessors will highlight what recommendations are warranted
for training purposes.
Regardless of the method of assessment, accounting for
additional ﬁxed effects (Tables 5, 6) known to impact on the
genetic evaluation of textural greasy wool handle, did not
increase the assessor repeatability of handle assessment. In the
present study, accounting for factors such as sire group, birth
type and rearing type decreased the animal variance more than
the error variance, thus resulting in a reduced assessor
repeatability. These non-genetic effects are helpful in providing
a realistic approximation of the animal variance and thus the
repeatability of wool handle and should be included when
estimating the assessor repeatability of greasy wool handle.
Imposing an improved framework around the assessment
of greasy wool handle is imperative and providing a more
repeatable assessment is the goal. However, occupational
hazards are associated with using solvent chemicals in the
scouring process and need to be considered. Additionally,
solvent scouring is expensive and time consuming especially
when in most cases textural greasy wool handle is considered to
be of a secondary importance in Merino breeding programs
(Anon. 1973). Nevertheless, the results presented in this study
do highlight that greater repeatability is possible through the
assessment in the greasy mid-side wool method compared with
a live-animal method, with little addition of time or costs. This
may prove to be advantageous to producers who consider
greasy wool handle as a primary trait and include it in their
Merino breeding programs.
Acknowledgements
The authors acknowledge the assessors who participated in this study. Their
time and effort is greatly appreciated. They would also like to thank the
Sheep Cooperative Research Centre for funding this work.
References
Anon. (Eds MW Andrews, JG Downes) (1973) ‘Objective measurement
of wool in Australia.’ (Australian Wool Corporation: Melbourne)
Beggs HS (Eds M Wagg, B Luxford) (1984) ‘Breeding rams for wool
production, evaluation of modern methods of sheep breeding.’ (The
Australia Society of Animal Production: Adelaide)
Brown DJ, Ball A, Mortimer R, Oppenheimer M (2002) Incorporating
subjectively assessed sheep and wool traits into genetic evaluations for
Merino sheep. 2. Phenotypic and genetic correlations.Wool Technology
and Sheep Breeding 50, 378–382.
Butler KL, Dolling M (1991) Fleece quality: what to assess? Association for
the Advancement of Animal Breeding and Genetics. 10, 380–383.
Butler DG, Cullis BR, Gilmour AR, Gogel BJ (2009) ‘Mixed models for
S language environments. ASReml-R reference manual.’ (VSN
International Ltd: Hemel Hempstead, UK)
Campbell WK, Lang WR (1965) An aspect of the hand of Geelong lambs’
wool. Textile Research Journal 35, 284–285. doi:10.1177/004051756
503500315
Casey AE (1991) Merino sire evaluation visual assessment Hay and
Deniliquin 1991. International Journal of Sheep and Wool Science 39,
14–17.
Casey AE, Cousins P (2010) ‘Sheep scores – wool handle – texture.’ (NSW
Department of Primary Industries, Orange Agricultural Institute: Orange)
Fish VE (2012) ‘Solvent scouring methods for staples.’ (Victoria Fish,
Australian Wool Testing Authority: Melbourne)
Fogarty NM, Banks RG, van der Werf JHJ, Ball AJ, Gibson JP (2007)
The Information Nucleus – a new concept to enhance sheep industry
genetic improvement. Association for the Advancement of Animal
Breeding and Genetics 17, 29–32.
Hatcher S, Atkins KD (2000) Breeding objectives which include ﬂeece
weight and ﬁbre diameter do not need ﬁbre curvature. Asian-
Australasian Journal of Animal Sciences 13, 293–296.
James PJ, Ponzoni RW, Walkley JRW, Whiteley KJ (1990) Genetic
parameters for wool production and quality traits in South Australian
Merinos of the Collinsville family group. Australian Journal of
Agricultural Research 41, 583–594. doi:10.1071/AR9900583
Lax J, Swan AA, Purvis IW (1995) Genetic and phenotypic relationships
involving subjectively assessed style traits in hoggets from the CSIRO
ﬁne wool ﬂock. Association for the Advancement of Animal Breeding
and Genetics 11, 521–524.
Lewer RP, Woolaston RR, Howe RR (1995) Studies on Western Australian
Merino sheep. III. Genetic and phenotypic parameter estimates for
subjectively assessed and objectively measured traits in ewe hoggets.
Australian Journal of Agricultural Research 46, 379–388. doi:10.1071/
AR9950379
Love KJ, Clarke JD, Campbell IP (1987) The ram buying and selection
strategies of Victorian Merino breeders and their implications for the
better targeting of sheep breeding extension. In ‘Merino improvement
programs in Australia. Leura, New South Wales’. (Ed. B McGuirk)
pp. 63–66. (Australian Wool Corporation: Leura, NSW)
Morley FHW (1955) Selection for economic characters in Australian
Merino sheep. VI. Inheritance and interrelationships of some
subjectively graded characteristics. Australian Journal of Agricultural
Research 6, 873–881.
Mortimer SI, Robinson DL, Atkins KD, Brien FD, Swan AA, Taylor PJ,
Fogarty NM (2009) Genetic parameters for visually assessed traits and
their relationships to wool production and liveweight in Australian
Merino sheep. Animal Production Science 49, 32–42. doi:10.1071/
EA08074
Mortimer SI, Atkins KD, Semple SJ, Fogarty NM (2010) Predicted
responses in Merino sheep from selection combining visually assessed
and measured traits. Animal Production Science 50, 976–982.
doi:10.1071/AN10085
Mullaney PD, Brown GH, Young SSY, Hyland PG (1970) Genetic and
phenotypic parameters for wool characteristics in ﬁne-wool Merino,
Corriedale, and Polwarth sheep. II. Phenotypic and genetic correlations,
heritability, and repeatability. Australian Journal of Agricultural Research
21, 527–540. doi:10.1071/AR9700527
Ponzoni RW, Grimson RJ, Jaensch KS, Smith DH, Gifford DR, Ancell
PMC, Walkley JRW, Hynd PI (1995) The Turretﬁeld sheep breeding
project: messages on phenotypic and genetic parameters for South
Australian Merino sheep. Association for the Advancement of Animal
Breeding and Genetics 11, 303–311.
Preston JWV, Hatcher S, McGregor BA (2014) Effects of site of assessment
and variation in wool quality traits on the tactile assessment of textural
The repeatability of textural wool handle Animal Production Science G
52
greasy wool handle. Animal Production Science 54, 1665–1670.
doi:10.1071/AN14422
Preston JWV, Hatcher S, McGregor BA (2016) Fabric and greasy wool
handle, their importance to theAustralianwool industry: a review.Animal
Production Science 56, 1–17. doi:10.1071/AN14777
Purvis I (1990) Fibre diameter variability and wool handle – their relevance
in Merino breeding programmes. Association for the Advancement of
Animal Breeding and Genetics. 8, 315–318.
R Development Core Team (2013) ‘A language and environment for
statistical computing.’ (R Foundation for Statistical Computing:
Vienna, Austria)
Roberts NF (1956) The relation between the softness of handle of wool in
the greasy and scoured states and its physical characteristics. Textile
Research Journal 26, 687–697. doi:10.1177/004051755602600908
Robinson DL, Mortimer SI, Swan AA, Purvis IW (2007) Genetic
parameters for subjectively scored traits in yearling and adult ﬁne
wool Merinos. Association for the Advancement of Animal Breeding
and Genetics 17, 336–339.
Shah SMA, Whiteley KJ (1971) The inﬂuence of ﬁbre characteristics on
the tactile appraisal of loose wool part I. Journal of the Textile Institute
62, 361–374.
Stevens DKH (Eds JP Scanlan, RA Rottenbury) (1994) ‘Handle:
Speciﬁcations and effects, Woolspec 94: Speciﬁcation of Australian
wool and its implication for marketing and processing.’ Sydney
NSW. (CSIRO Division of Wool Technology)
Thai HT, Mentre F, Holford NHG, Veyrat-follet C, Comets E (2013)
A comparison of bootstrap approaches for estimating uncertainty of
parameters in linear mixed-effects models. Pharmaceutical Statistics
12, 129–140. doi:10.1002/pst.1561
van der Werf JHJ, Kinghorn BP, Banks RG (2010) Design and role of an
Information Nucleus in sheep breeding programs. Animal Production
Science 50, 998–1003. doi:10.1071/AN10151




































Mean on-animal textural handle score 






































































Mean textural handle score 









































































Mean textural handle score 







Chapter 4. Effects of site of assessment and 
variation in wool quality traits on the tactile 
assessment of textural greasy wool handle 
Introduction: 
Chapter 2 demonstrated the inability to predict textural greasy wool handle from a variety of assessed 
and measured wool quality traits. Results from chapter 3 highlighted and quantified the current 
variation in precision of the assessment of textural greasy wool handle by trained assessors. These 
results in conjunction with chapter 2 indicate that some of the unaccountable variation observed from 
the assessment of textural greasy wool handle may be due to inconsistent or in-precise assessment. 
This highlights the importance of providing strict conditions and framework around the assessment of 
textural greasy wool handle to increase the level of accuracy and precision. 
Chapter 4 will aim to determine if conditions such as the site of assessment on the fleece of the 
animal, may impact the accuracy of the assessment of textural greasy wool handle. This chapter will 
develop some further conditions around the assessment of textural greasy wool handle and scrutinise 
the importance of a consistent site of assessment for textural greasy wool handle and whether it needs 
to be specified as part of the protocol. Further framework will improve the accuracy of the assessment 
and provide greater confidence when selecting breeding stock to be used in genetic improvement 
programs and making animal husbandry decisions. This will result in faster genetic gain and overall 
greater returns for the wool producer. The results will also validate or highlight the usefulness of 
using textural greasy wool handle assessment to aid or judge the formation of wool lines during the 
wool classing at shearing or the subjective evaluation of the wool in display boxes prior to sale and if 
this provides a realistic representation of the wool sale lot. 
Wool has been shown to have some variation in fibre properties across different sites of the 
fleece. This it is not surprising considering wool is a product from a biological system and as such 
variation is expected. Other fibre attributes with this demonstrated variability across the fleece 
includes fibre diameter (Fish et al. 2002), fibre diameter distribution (Fish et al. 2002), staple length 
(Doney 1959), non-wool constituents (suint, wax and dust) (Thornberry and Atkins 1984) and fibre 
curvature (Fish et al. 2002). These traits all show variation at different sites and variation between 
Merino strains (fine, medium or strong wool). The optimal site can be debated based on the how the 
results will be used and the expression of the trait. Traits that have particular thresholds, such as fleece 
rot and dermatitis, are used to make culling decisions on individual animals and therefore the aim of 
the assessor is to search for the worst case or a preliminary indication of the trait. However, like other 
wool quality traits, assessors maybe aiming to establish an average score as a representation of the 
animal to provide a ranking for breeding purposes. In terms of ease of collection, traits evaluated on 
the topside of the animal can be preferred. For example, in most instances for fibre diameter testing, 
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pin bone or mid side sampling is chosen. The pin-bone site is easier, safer and faster to locate, 
especially when sheep are confined in handling races and yards. However, the wool grown on the pin 
bone may be exposed to greater environmental weathering at this site and show the first signs of the 
fleece deteriorating. Other traits such as dust penetration or fleece rot are also assessed at particular 
sites (loin and shoulders respectively) where their extent of the problem is most likely to appear first 
or present the poorest expression due to inherent structural deficiency of the fleece (where the fleece 
naturally opens allowing moisture and dust to penetrate), or a structural deficiency of the animal 
(shoulder malformation “devils grip” or excessive skin). In terms of textural greasy wool handle, the 
aim is to select a site of assessment which would represent the mean for the animal rather than the 
extremes. 
Traits such as fibre diameter, fibre diameter standard deviation and fibre curvature influence 
textural greasy wool handle and each demonstrate variation across different sites on the sheep. It 
would therefore be hypothesised that textural greasy wool handle would also vary in a similar pattern. 
However, the former traits are objectively measured and scored on a continuous scale. In comparison, 
textural greasy wool handle is a subjective assessment with discrete scoring options (1-5). It is 
unknown if the protocol has sufficient sensitivity to detect the differences likely to occur across the 
fleece.  
The ramifications for this work are clear. For producers, it will provide further confirmation 
of the importance of the protocol to improve the accuracy and precision of the assessment, and in the 
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Changes to the published paper: 
“Effects of site of assessment and variation in wool quality traits on the tactile 
assessment of textural greasy wool handle.” 
 
Changes to the published paper: 
1. Page 1668, Table 2, In the definition of the abbreviations used in the table replace ‘dust’ with 
“DUST” 
2. Page 1668, Results, Paragraph 2: Please insert comma to ““Within each overall handle grade, 
the…” 
3. Page 1668, Discussion, Paragraph 1. Please change the sentence ““time and cost to evaluation 
of each” to ““time and cost to evaluate each” 
4. Page 1669, Discussion, Paragraph 4. Please remove the last sentence. “The lower crimping 
rate is associated with softer handle”. 
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Abstract. Variation in textural greasy wool handle across the ﬂeece of Merino sheep was explored. Results demonstrate
that there were signiﬁcant differences across nine sites on the ﬂeece. The inclusion of the covariates ﬁbre diameter, ﬁbre
diameter co-efﬁcient of variation, staple length, dust penetration, staple structure, greasy wool colour and resistance to
compression, helped to explain someof the variation in textural greasywool handle between sites such that site of assessment
was no longer a signiﬁcant factor (P = 0.065). However, in practice, those involved with clip preparation or sheep selection
based on textural greasywool handle assessment are unlikely to have thesemeasurements available. The results highlight the
importance of nominating a site of assessment when recording textural greasy wool handle.
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Introduction
Textural greasy wool handle is the assessment of surface and
structural features of the wool through a tactile evaluation.
Inaccurate evaluation of wool quality characteristics can
diminish genetic improvement in these traits (Mortimer et al.
2010) and negatively impact on the quality of wool preparation
for sale (Roberts 1956; Campbell and Lang 1965). Including
textural greasy wool handle into a selection index as part of a
Merino breeding program can result in signiﬁcant increases in
overall genetic gain (Butler and Dolling 1991; Mortimer et al.
2010). However, inaccurate assessment may arise from
producers assessing textural greasy wool handle at different
sites on the sheep, resulting in an incorrect genetic ranking of
sheep. Quantifying the variation across different assessment
sites will provide a further framework around the assessment
of textural greasy wool handle and aid in the development of a
robust assessment protocol for textural greasy wool handle. The
most common location for the assessment of ﬂeece
characteristics is the midside, as this site is described as the
mean for ﬁbre attributes such as ﬁbre diameter (Fish et al.
2002), ﬁbre diameter distribution (Fish et al. 2002), suint
(Thornberry and Atkins 1984), wax (Thornberry and Atkins
1984) and dust percentage (Thornberry and Atkins 1984).
Other traits such as vegetable matter (Thornberry and Atkins
1984) and ﬁbre curvature (Fish et al. 2002) are predicted from
other locations on the ﬂeece.
This study aimed to quantify the variation of textural greasy
wool handle across the ﬂeece and provide recommendations for
the site of the assessment for textural greasy wool handle. It also
aimed to determine which ﬁbre attributes signiﬁcantly affect
textural greasy wool handle.
Materials and methods
The Cooperative Research Centre for Sheep Industry Innovation
(Sheep CRC) Information Nucleus (IN) ﬂock (van der Werf
et al. 2010), located at the Cowra Agricultural Research and
AdvisoryStation in the centralwest ofNSW(33.81S, 148.71E),
comprising 262 Merino sheep was assessed for textural greasy
wool handle. The ﬂock consisted of 2- and 3-year-old
ﬁne–medium Merino ewes. All had ~12 months of wool
grown in the same environment. Sheep from this ﬂock were
produced from an artiﬁcial insemination program with sires
selected based on their genetic diversity in several production
traits. Information collected within 24 h of birth during lambing
rounds included the identiﬁcation of dam, date of birth and
number of offspring born in the litter. The rearing type of each
animal was determined by a roll call of lambs surviving to
weaning.
Segregation of textural greasy wool handle groups
The in-ﬁeld assessment of textural greasy wool handle was
undertaken by two trained and experienced assessors. The
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textural greasy wool handle procedure aimed to assess only the
textural components of thewoolwith the assessment based on the
protocol developed by Casey and Cousins (2010). Each sheep
was assessed while standing in the race. The assessor leant over
the side of the race and restrained the sheep against the side of the
race during assessment. The ﬂeece was parted on the right side of
the sheep at the mid-side site centred over the last rib halfway
between the mid-line of the back and mid-line of the belly. The
assessors chose a wool staple for assessment that had minimal
environmental damage (i.e. no dusty or weather tip). The wool
staple was then stroked from base to tip and scored based on the
textural friction felt. A Score 1 represented wool that was very
smooth and had a minimal feeling of roughness, whereas Score 5
represented wool that was very rough and had a harsh, abrasive
surface.Assessors also had textural greasywool handle standards
to guide their assessment whenever required. Forty-six sheep
were selected from the ﬂock based on uniform scores between
both scorers for the in-ﬁeld assessment. Of these, 10, 13, 14 and 9
sheep scoring 1, 2, 3 and 4 respectively for textural greasy wool
handle were included. There were no sheep with a Score 5 for
textural greasy wool handle within the ﬂock and therefore this
categorywas omitted from the study. These 46 sheepwere drafted
away from the ﬂock ready for further sampling. These four score
groups are referred to below as the textural greasy wool handle
groups.
Wool sampling
The selected sheep were sampled (~50 g) at nine sites over the
body (Fig. 1) using an electric handpiece. The sheep was ﬁrst
restrained while standing in the race where the site of assessment
was determined byﬁnding the appropriate anatomical position on
each animal. These sites were marked with a clothing peg to
instruct the samplerwhere to begin their blow for the collection of
each sample. The sheep was then removed from the race and the
nine sampleswere collectedwhile each animalwas restrained in a
typical shearing hold resting on its rump.Carewas taken to ensure
that the electric handpiece collected the sample as close to the skin
as possible. Each sample was then bagged and numbered.
Samples were then sent to Orange Agricultural Institute where
they were further subsampled. Three wool staples were
subsequently subsampled from each sample for further textural
greasy wool handle assessment.
Assessment
In a laboratory, four assessors evaluated each subsample taken
from all nine assessment sites on every sheep for textural greasy
wool handle using a protocol adapted from Casey and Cousins
(2010). As the wool staple was already selected, the modiﬁed
protocol instructed the assessor to assess all three wool staples
from each sample provided and assign a score to every sample
based on the lowest score from the three staples. Each assessor
was provided with basic training in the assessment of textural
greasywool handle andwas known tohave someprior experience
in the practice. To assist with scoring, a set of handle standards
were provided to the assessors to calibrate their assessment at the
beginning and throughout the duration of the experiment as
required. After the assessment each group of staples were re-
bagged to avoid contamination and thenext samplewas randomly
selected and provided to the assessor. The assessor was not aware
of any visible descriptors allotted to each sample and was unable
to discern textural greasy wool handle group, the location of the
sampling sitenor the sheep fromwhich itwas taken.Eachassessor
replicated their assessment three times in randomorder.Averages
across replicates for each sample within each ewe by each
assessor were calculated.
Fibre attributes
Following the textural greasy wool handle assessments, visual
wool quality scores for greasy wool colour (GCOL), staple
structure (STRUC) and wool character (CHAR) were scored
on each sample according to the Visual Sheep Scores booklet
(Australian Wool Innovation Meat Livestock Australia 2013).
Scoring consisted of a 5-point scoring system with the lower
scores representing the most desirable expression. Dust
penetration (DUST) was measured using a ruler and recorded
as a percentage of the staple length to be penetrated by dust. At the
same time the staple length (SL) of each of the three subsampled
staples was measured on a ruler and the average of the three
samples recorded.
Following scoring, the midside samples were sent to the
Australian Wool Testing Authority Limited’s (AWTA Ltd)
North Melbourne laboratory for measurement of ﬁbre
attributes. Each sample was scoured in hot water and
detergent, rinsed twice in cold water, spun and then oven-dried
at 105C. Clean washing yield (YLD) was calculated for each
sample using a 16% regain. The washed samples were carded
using a Shirley Analyser, conditioned (at 20C and 65% relative
humidity) and mini-cored to provide 2-mm snippets for
SirolanLaserscan (AWTA Ltd) measurement of ﬁbre
diameter (FD), ﬁbre diameter standard deviation (FDSD), ﬁbre
diameter co-efﬁcient of variation (FDCV) and ﬁbre curvature
(CURV) (IWTO 12 2009). The carded sample was further
subsampled and measured for resistance to compression





Fig. 1. Anatomical locations sampled within the study. T1, hip bone; T2,
centre top side; T3, shoulder; M1, where the midside and the hip intersect
(the stiﬂe); M2, the midside (centre of last rib); M3, where the shoulder and
midside intercept; B1, below the hip and above the hock; B2, lower midside;
B3, below the shoulder.
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Statistical analyses
Average textural greasy wool handle scores for sheep, sites and
scorers were analysed using a linear mixed-model analysis. The
initial full model aimed to test for systematic differences across
sites. This model included as ﬁxed effects terms for textural
greasy wool handle group (1, 2, 3 or 4), site of assessment (see
Fig. 1), sirecode (ultraﬁne/superﬁne, ﬁne/ﬁne medium or
medium/strong), rearing type (1, 2 or 3), and age of ewe (2 or
3 years of age). Random effects in the model included
uncorrelated effects for animal, assessor, interaction effects,
animal · site, animal · assessor, site · assessor, handle group
· site, handle group· assessor, handle group· site· assessor, and
ﬁnally a random error term. Subsequent analyses aimed to
examine if any signiﬁcant site differences could be explained
by covariates measured at each site on the sheep. These site
speciﬁc covariates (YLD,FD,FDSD,FDCV,CURV,SL,RTOC,
DUST, STRUC, GCOL and CHAR) are summarised in
Table 1. The initial model included all of the covariates, which
were ranked on the basis of the size of the F-value. Covariates
with a high F-value that were signiﬁcant (P < 0.05) were
retained in the model whereas those with a low non-signiﬁcant
F-value were excluded. Each model was then further simpliﬁed
by removing any ﬁxed-effect terms not signiﬁcant at the
P = 0.05 level. The models were ﬁtted using the package
ASReml (Butler et al. 2009) under R (R Development Core
Team 2013).
Results
A summary of the ﬁbre attributes, mean, minimum, maximum
and variation (i.e. sites within sheep and across sheep) are
presented in Table 1. FDCV, DUST, CURV and RTOC where
all shown to display greater variation between the nine sites of
Table 1. Mean, maximum, minimum values and variation of ﬁbre attributes within and between sheep
and their abbreviations
Mean, minimum, maximum and variance terms were calculated from all scorers. VarA, variance across animals;
Varw, variance within the animals
Trait Abbreviation Mean Minimum Maximum VarW VarA
Textural greasy wool handle – 2.7 1 5 0.31 0.10
Fibre diameter (mm) FD 18.5 13.9 24.9 0.84 3.63
Fibre diameter s.d. (mm) FDSD 3.1 1.9 5.4 0.19 0.22
Fibre diameter CV (%) FDCV 16.7 11.8 25.0 3.80 2.79
Dust penetration (%) DUST 45.2 20.4 77.8 74.81 16.59
Staple length (mm) SL 97.8 65.0 126.6 0.56 0.54
Resistance to compression (Kpa) RTOC 6.8 5.3 11.7 3.97 0.59
Fibre curvature (/mm) CURV 55.1 30.0 89.0 50.72 32.50
Yield (%) YLD 71.1 54.5 84.7 7.96 15.38
Greasy wool colour (1–5) GCOL 2.7 1.0 4.0 0.30 0.27
Staple structure (1–5) STRUC 2.6 1.0 5.0 0.33 0.21
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Fig. 2. Box plot of textural greasy wool handle variation across the ﬂeece compared with the textural greasy
wool handle groups. Vertical dotted line indicates the median value. Within each box plot, the * shows the median
for that site.
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assessment on the sheep, whereas FD and YLD showed greater
variation between sheep. FDSD, SL, GCOL, STRUC andCHAR
had comparable variation between sites and between sheep.
Figure 2 presents box-plots for textural greasy wool handle
across the nine sites · four textural greasy wool handle groups.
Textural greasy wool handle scores varied depending on the site
of assessment and also depending on the textural handle group
(Fig. 2). There was no overall trend in greasy wool handle across
the body. Within each overall handle grade the ranking of sites
differed. The vertical dotted line in Fig. 2 indicates the median
textural greasywool handle score across all sites. This shows that
the site ‘M2’ lies very close to the median across all textural
greasy wool handle groups.
Site of assessment was shown to be signiﬁcant when there
were no site-speciﬁc covariates included in the model
(Table 2). Sirecode and textural greasy wool handle groups
were both shown to be signiﬁcant sources of variation in
textural greasy wool handle assessment.
With the inclusion of a list of covariates describing variation in
wool quality in the model (Table 2), the site of assessment for
textural greasy wool handle became not signiﬁcant; however,
sirecode and textural handle groups remained signiﬁcant. Drop,
rearing type and age of dam were not signiﬁcant and were
excluded from the model. Conditional on all signiﬁcant terms
being retained in themodel, each of the terms FD, FDCV,GCOL,
STRUC and DUST were positively correlated with textural
greasy wool handle scores, whereas SL and RTOC were
negatively correlated.
Discussion
The site of assessment was not a signiﬁcant factor for assessing
textural greasy wool handle when covariates describing various
aspects of wool quality were included in the analysis
(Table 2). This suggests that the observed variation in textural
greasy wool handle between each of the nine sites is due to the
variation in ﬁbre attributes rather than variation in greasy wool
handle per se. Therefore these results indicate that a single site
would be preferred for evaluating textural greasy wool handle as
part of the clip evaluation during shearing, or assessment of
textural greasy wool handle to be included in a genetic
improvement scheme in order to minimise the impact of
variation in other ﬁbre attributes on its assessment. If a single
assessment site is not maintained, myriad traits must also be
assessed or measured to adequately account for the variation
observed, which would add both time and costto evaluation of
each sheep in the ﬂock. The ‘M2’ site in this study corresponds to
the midside site, which is considered to adequately represent
the mean ﬂeece measurement for several ﬁbre attributes such as
FD (Fish et al. 2002), FDSD (Fish et al. 2002) and SL (Doney
1959). Therefore we advise that the ‘M2’ or midside be the
recommended site for the assessment of textural greasy wool
handle.
Sirecode was a signiﬁcant term in both models (Table 2) and
showed that sires of ultraﬁne/superﬁnewool typeswere texturally
softer thanﬁne/ﬁnemedium andmedium/strongwool types. This
is expected as wool types are classiﬁed based on their average
bloodline FD.
FDwasahighly signiﬁcant termaffecting textural greasywool
handle, whereas FDCV had only a minor effect, which is in
agreement with previous reports that ﬁner wools are texturally
softer than broader wools (Ali et al. 1971; Stevens 1994). Based
on the condition that all signiﬁcant termsare retained in themodel,
GCOL was shown to increase in yellowness as textural greasy
wool handle felt harsher. GCOL has been suggested to affect
assessment of textural greasy wool handle by the assessor
subconsciously, unintentionally downgrading yellow samples
before the tactile handle characteristics of the wool staple have
been evaluated. It may also be partly due to the positive
correlation between GCOL and FD (Wang et al. 2011) such
that broader diameter (i.e. harsher handling wools) tend to be
more yellow. DUST was also shown to signiﬁcantly affect
textural greasy wool handle, with the results indicating that
textural greasy wool handle deteriorates as dust penetrates
further into the staple. Yield, however, was not a signiﬁcant
term within the model. Measurements of non-wool constituents
such as YLD and DUST as well as wax and suint have shown
Table 2. Wald test for terms in the model together with term effects
( s.e.) relative to a baseline effect for factor terms
Dust, dust penetration; FD, ﬁbre diameter; FDCV, ﬁbre diameter co-efﬁcient
of variation; F-value, Wald statistic for testing the term effect after adjusting
for theother terms in themodel;GCOL,greasywool colour;RTOC, resistance
to compression; SL, staple length; STRUC, staple structure
Trait d.f. (Num, Den) F-value P-value Solution ± s.e.
Without the inclusion of site-speciﬁc covariates
Site 8,48 5.54 <0.001 M2 0.00 ± 0.00
M1 0.20 ± 0.06
M3 –0.13 ± 0.06
B1 0.18 ± 0.06
B2 0.06 ± 0.06
B3 –0.04 ± 0.06
T1 0.07 ± 0.06
T2 0.07 ± 0.06
T3 0.06 ± 0.06
Textural handle
group
3,39 12.46 <0.001 1 0.00 ± 0.00
2 0.41 ± 0.15
3 0.66 ± 0.15
4 0.95 ± 0.16
Sirecode 2,40 8.85 <0.001 1 0.00 ± 0.00
2 0.46 ± 0.14
3 0.62 ± 0.16
With the inclusion of site-speciﬁc covariates
Sites 8,51 2.00 0.065 n.a.
Textural handle
group
3,31 6.23 0.002 1 0.00 ± 0.00
2 0.28 ± 0.09
3 0.35 ± 0.09
4 0.41 ± 0.11
Sirecode 2,33 13.31 <0.001 1 0.00 ± 0.00
2 0.36 ± 0.08
3 0.41 ± 0.09
SL 1357 6.87 0.009 –0.48 ± 0.02
DUST 1386 17.67 <0.001 0.01 ± 0.02
GCOL 1397 21.24 <0.001 0.11 ± 0.02
STRUC 1369 8.87 0.003 0.06 ± 0.02
RTOC 1364 4.41 0.036 –0.01 ± 0.06
FD 1173 62.35 <0.001 0.12 ± 0.02
FDCV 1395 8.08 0.005 0.02 ± 0.01
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varied relationships to textural greasy wool handle in previous
reports (Roberts 1956; Campbell and Lang 1965) and may be
signiﬁcant factors in certain circumstances.
RTOC had a signiﬁcant effect on textural greasy wool handle
(Table 2), such that as RTOC increased, handle deteriorated.
This indicates that even though this study aimed to only evaluate
the textural components of handle, compressional handle
attributes as measured by RTOC were still affected. Staple
and ﬁbre crimp characteristics such as CHAR and CURV
were not signiﬁcant sources of variation in textural greasy
wool handle, which differs from previous ﬁndings (Stevens
1994; Preston et al. 2013). Wool staple properties such as
STRUC and SL were both signiﬁcant, with wool of longer
staples and ﬁner staple bundles being texturally softer to
handle. Similar results have been demonstrated for STRUC
(S. Hatcher and J. W. V. Preston, unpubl. data); however, the
relationship with SL is more complex. Wool staples of greater
length generally have a lower crimping rate as crimp formation
occurs after a certain time interval not after a certain growth
interval (Norris and van Rensburg 1930). Therefore wool
produced from longer SL has a lower crimping rate (Norris
and van Rensburg 1930). The lower crimping rate maybe
associated with softer handle. The lower crimping rate is
associated with softer handle.
The ‘M2’ site (as with several other sites) was related
closely to the median for the assessment of textural greasy
wool handle and was a consistent site in its scoring across the
four textural greasy wool handle groups. Although other
information such as deﬁning the variation within each of the
nine sites would help conclude which site would provide the
most precise estimate of the mean score for the assessment of
textural greasy wool handle, this was not possible due to the
design of the current study. Quantifying the variation within each
of the nine sites would require repeated measures from a
random population of sheep. In the present work, the sheep
were individually selected for their phenotypic diversity of
textural greasy wool handle. Further work to understand the
variation of textural greasy wool handle within sites across the
body of sheep may identify whether assessing textural greasy
wool handle at multiple sites would provide greater precision and
accuracy in assessment of the trait.
Upon further analysis, when each textural greasy wool
handle group was analysed independently including covariates
in the model, textural greasy wool handle Group 4 still showed
signiﬁcant differences between the site of assessment (P = 0.05)
(J.W. V. Preston, S. Hatcher and B. A.McGregor, unpubl. data).
Further investigation of this unexpected result is required to
quantify the variation in individual ﬁbre attributes both within
andbetween the sheep included in the textural greasywool handle
Group 4. Other traits such as suint and wax content maybe
required to be quantiﬁed to determine their effect on variation
in textural greasy wool handle across the ﬂeece.
Conclusions
The assessment of textural greasy wool handle varies
depending on the location of the sampling site largely due
to variation in other ﬁbre quality attributes. It is therefore
imperative for wool or sheep classers who assess textural
greasy wool handle, for either clip preparation purposes or for
the selection of sheep in genetic improvement programs, that
textural greasy wool handle is assessed at the same location on
each animal. With the inclusion of FD, FDCV, SL, DUST,
STRUC, GCOL and RTOC into prediction models, the
variation between the nine sampling sites was signiﬁcantly
reduced. Additional information such as variances associated
with differences both within and across assessors of textural
greasy wool handle at each anatomical site may provide
further insight into the importance of standardising a particular
site for the assessment of textural greasy wool handle.
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Chapter 5. The heritability, non-genetic 
environmental effects and the effect of prolonged 
selection for texturally softer handling wool on non-
wool constituents 
Introduction: 
Chapter 5 builds on the work established in earlier chapters to quantify some of the non-genetic 
environmental factors that influence the assessment of textural greasy wool handle. These factors 
may: 
1. Impact the ability to assess textural greasy wool handle accurately and precisely. 
2. Mask the genetic expression of textural greasy wool handle, or  
3. Identify factors that are removed through processing and affect the relationship between 
textural greasy wool handle and textural clean wool handle.  
This chapter details the importance of a refined assessment protocol to assess the genetic components 
of textural greasy wool handle. Genetic parameters such as the heritability of textural greasy wool 
handle will be estimated as well as routinely measured non-genetic environmental effects that are 
normally partitioned out in a within or across flock genetic evaluation. Developing an accurate and 
precise assessment for textural greasy wool handle is important as it will aid in providing a realistic 
estimation of the genetic parameters and highlight the potential genetic improvement for this trait. 
Genetic improvement of wool production and quality is a key pathway to improved profitability. 
Genetics is a permanent improvement to a flock, provided a well-developed breeding objective is 
used as the basis for decision making that leads to cumulative improvements over time. 
Textural greasy wool handle has been clearly shown to be a heritable trait. There are 
numerous estimates of the heritability from past studies; although there is considerable variation in the 
heritability estimates (see literature review). As described earlier, the variation in the heritability 
estimate may be due to flock specific factors such as bloodline/strain, age of measurement, scoring 
system, or even a result of the poor use of an assessment protocol. Chapter 3 “The repeatability of 
textural wool handle” quantified the degree of precision achieved in the assessment of textural greasy 
wool handle and demonstrated considerable variation occurring between assessors. It is assumed that 
some of this variation in precision is due to inaccuracy of assessment. As heritability is one element 
that determines the potential genetic improvement of a trait, inconsistency or inaccuracy in the 
assessment would have a negative impact on the overall genetic gain and again highlights the 
importance of developing a refined assessment protocol. 
This chapter will also examine whether anecdotal reports that suggest that non-wool 
constituents such as suint, wax, dust and moisture have a large impact on the ability to assess textural 
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greasy wool handle. Previous reports have suggested suint percentage is of particular interest (Roberts 
1956). As these substances are removed from the wool during the scouring process, they therefore 
have very little impact on post processing performance. Like previous chapters in this thesis, this 
chapter aims to quantify the factors that either affect the precision of the assessment of textural greasy 
wool handle or interfere with the ability of the assessor to make a realistic estimation of the trait. 
Two flocks were examined in this study making use of an archive of stored mid side samples 
and an associated database with recorded quantities of non-wool constituents such as suint, wax, dust 
and moisture. As the time and expense required to measure these non-wool constituents was beyond 
the budget of this thesis, collaboration with the Department of Agriculture and Food Western 
Australia allowed this study to quantify the effect of these non-wool constituents on textural wool 
handle. Chapter 3 “The repeatability of textural wool handle” demonstrated that the removal of non-
wool constituents through scouring a mid side sample prior to assessment of textural greasy wool 
handle increased the scorer precision significantly. The progression of that study would therefore aim 
to quantify the individual effects of all the non-wool constituents and determine the magnitude of the 
effect of suint, wax, dust and moisture. 
The study will also isolate and quantify some non-genetic environmental effects that are 
routinely measured in genetic analyses and determine their impact on textural greasy wool handle. 
The effect of the flock, the year of birth, dam age, birth type and sex of the animal on textural greasy 
wool handle can be quantified in this analysis. From there, the importance of accounting for these 
factors to achieve change, particularly in circumstances where assessors are classing commercial 
flocks that do not participate in the Sheep Genetics genetic evaluation program (MERINOSELECT 
©) that these factors are mandatory measured . Recommendations from this study could estimate the 
importance of running sheep in particular contemporary groups to remove some of these confounding 
effects from impacting on breeding selection decisions. For example, if sex has a significant effect on 
the assessment of textural greasy wool handle, then it may be recommended that ewes are assessed 
separately to wethers/rams. These results will indirectly determine the usefulness of classing for 
textural greasy wool handle without the aid or knowledge of the effect of these non-genetic 
environmental effects. The recommendations will achieve the aim of this thesis, which is to develop 
further framework around the assessment of textural greasy wool handle and determine what factors 
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Abstract 
This study aims to estimate the genetic parameters of non-wool constituents (suint, wax, dust, 
moisture and yield) and estimate the effect of prolonged selection for softer wool on non-
wool constituents in the fleece. It also aims to estimate the magnitude of the effect of 
routinely recorded non-genetic environmental effects on the assessment of textural greasy 
wool handle. Two data sets were analysed from the Katanning Resource flock and the Mt 
Barker Australian Wool Innovation Breech Strike flock. Heritability estimates for suint, wax, 
moisture and yield percentage were high (>0.30), while dust percentage was lowly heritable 
(0.16). Textural greasy wool handle was highly heritable (0.35, 0.42), indicating that the trait 
would respond to selection. There was no evidence of any maternal genetic component for 
any of the traits studied. The phenotypic correlations between non-wool constituents and 
greasy wool handle were negligible to low, indicating a minimal relationship between non-
wool constituents and textural greasy wool handle. There was a low to moderate genetic 
correlation between textural greasy wool handle and suint percentage (0.21, 0.35) and a 
moderate genetic correlation with moisture percentage (0.30, 0.49), indicating selection for 
softer wool will generate small favourable correlated reductions in both suint and moisture 
percentage. The small phenotypic correlation of suint and moisture on textural greasy wool 
handle in this study was not of the magnitude expected, based on anecdotal reports from wool 
handlers. Producers who are concerned about the effect of grease on the assessment of 
textural greasy wool handle should concentrate on other factors or actions, which aim to 
improve scorer accuracy of the assessment or account for non-genetic environmental effects 
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demonstrated to have a significantly greater effect than non-wool constituents such as suint on 
the assessment of textural greasy wool handle. 
 
Additional keywords: handle, wool quality, Merino, wool classing, grease, suint, wax, 
moisture, dust  
 
Introduction 
The variation in handle properties of raw wool affects the physical properties of wool fabrics 
(Preston et al. 2015). It is therefore not surprising that greasy wool handle has been of interest 
to scientists for many years (Peirce 1930; Barker 1931; Roberts 1955, 1956; Love et al. 1987; 
James et al. 1990; Purvis 1990; Butler et al. 1995; Lewer et al. 1995; Stevens and Mahar 
1995; Dowling et al. 2007; Hatcher et al. 2010). Greasy wool handle has been used by wool 
buyers with objective test data to value clips prior to sale (Mousch pers com 2011, Foley pers 
com 2011). Greasy wool handle has consequently been assessed by Merino wool producers in 
their evaluation of rams for breeding and clip preparation (Love et al. 1987; Butler et al. 
1995). Butler et al. (1995) found 60% of respondents to a questionnaire rated greasy wool 
handle as a highly important trait in sheep breeding. Further to this, even today textural greasy 
wool handle is an optional trait in the Australian Merino Sire Evaluation Association 
(AMSEA) Central Test Sire Evaluation and used across the sheep industry (Casey et al. 
2009). 
Variables such as differences in fibre attributes, chemical compounds and 
environmental conditions may affect how we perceive textural greasy wool handle in the 
field. For example, the lubricating natural substance secreted over wool from different glands 
in the skin is known as grease or yolk, and is composed of two major substances called suint 
and wax. Suint and wax have distinct chemical properties and impact on the quality of the 
fleece in different conditions. Suint is produced by the sudoriferous gland (Stacy et al. 1963). 
Its chemical nature makes it immensely hygroscopic and therefore highly associated with the 
moisture content of greasy wool (James et al. 1984; Dowling et al. 2006a). Suint has been 
described as having a negative effect on greasy wool handle (Roberts 1956; James et al. 
1990). Wax, in contrast, is produced by the sebaceous gland and is hydrophobic in nature 
(Truter 1956). Its effect on handle has been suggested to be minimal (Roberts 1956; James et 
al. 1990). Previous studies show Australian Merinos range in wax content from 14 to 37% 
and suint approximately from 5 to 13% of dry weight (Hayman 1953; Thornberry et al. 1980; 
James et al. 1990; Mortimer and Atkins 1993; Aitken et al. 1994; Campbell and Schlink 
2004; Dowling et al. 2006a). The quantities of both suint and wax vary between sheep 
(Lipson et al. 1982; Thornberry and Atkins 1984; Raadsma and Thornberry 1988; James et al. 
1990; Mortimer and Atkins 1993; Aitken et al. 1994; Dowling et al. 2006a, 2006b), along the 
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wool staple (Thornberry et al. 1980) and also between different sampling sites on the fleece 
(Bonsma and Starke 1934; Thornberry and Atkins 1984). Suint and wax are related to the 
incidence of fleece rot (Hayman 1953; Norris et al. 2008), dermatophilosis (Gherardi et al. 
1984; Norris et al. 2008) and greasy wool colour (David and Lead 1982; Aitken et al. 1994; 
Sumner et al. 2004). However, is there any relationship between the quantities of suint and 
wax and the textural handle of greasy wool?  
Roberts (1956) suggested that the presence of non-wool constituents such as suint 
affects the assessment of greasy wool handle. Roberts (1956) conducted three experiments 
with a range of samples selected from various breeds. The first experiment had samples that 
ranged in fibre diameter (18-27µm), crimp frequency (16-13 crimps/inch) and non-wool 
constituents (suint 3-28%; wax 18-73%, dirt 1-34%). In this circumstance, in order of 
magnitude of effect, fibre diameter, suint content and crimp frequency were shown to have 
the strongest impact on the assessment of greasy wool handle. Other non-wool constituents, 
such as wax content, dirt content and fibre properties (staple length and fibre diameter co-
efficient of variation) had a minimal effect on textural greasy wool handle. The second 
experiment included a greater range in fibre diameter (17-32µm), crimp frequency (6-17 
crimps/inch) and different ranges in non-wool constituents (suint 2-16%, wax 12-81%, dirt 5-
56%). In order of magnitude of effect, fibre diameter and crimp frequency demonstrated the 
strongest relationship, while, the effect of suint and other non-wool constituents were not 
significant. In the third experiment, non-wool constituents were not isolated; however, a 
measurement of clean washing yield was included and shown to have a minimal effect on 
results. Reflecting on Roberts (1956), the effect of suint on textural greasy wool handle 
remains ambiguous and requires further investigation. Furthermore, if we critically examine 
these experiments completed: 1. There was no repetition of scoring procedures by assessors; 
2. There was a lack of development of a protocol to assess handle to increase the accuracy or 
precision of the assessment; 3. No mention of skill of assessors utilised; and 4. The absence of 
details on samples used such as bloodline/strain of the sheep or the location of samples (mid-
side or random sample) taken. 
Recent research indicates that the presence of grease contributes to the variability of 
wool handle scores assigned by assessors as textural wool handle scores were less variable 
when assessed on clean wool (scoured) compared with greasy samples (Preston et al. 2016). 
Estimated phenotypic correlations between greasy wool handle, suint and wax percentage 
have in the past had high standard errors. James et al. (1990) reported a weak positive 
phenotypic correlation between suint percentage and greasy wool handle (0.17). Furthermore, 
this study only assessed a single bloodline or breed type and does not represent the genetic 
variation observed in the Australian Merino flock.  James et al. (1990) also demonstrated no 
phenotypic association between greasy wool handle and wax content. As none of the 
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phenotypic correlations provided in that study included standard errors, it is difficult to draw a 
conclusion on the implication of the correlations for breeding purposes. 
In the past, textural greasy wool handle has been scored using a discrete 1 to 5 
scoring system, and the repeatability of the assessment varies depending on the skill of the 
assessor (Preston et al. 2016). Any inconsistency in the assessment of textural greasy wool 
handle will have a negative implication on the genetic improvement of any Merino-breeding 
program. It is therefore vital to develop a consistent approach. The review by Preston et al. 
(2015) identified the need for a formalised protocol for the assessment of textural greasy wool 
handle and estimating the non-genetic environmental effects to help producers identify the 
management practises that influence results. 
The present investigation aims to estimate the heritability and correlation between 
textural greasy wool handle and non-wool constituents (suint, wax, dirt, moisture and yield). 
It will also provide an estimation of the non-genetic environmental effects that are routinely 
recorded in breeding programs and how they can be utilised to provide greater meaning to the 
assessment of textural greasy wool handle. 
To overcome some of the deficiencies in earlier studies, the present investigation 
sourced wool from sheep with a more diverse genetic background (Collinsville, Bungaree and 
Peppin Merino strains, and other sources), which are more representative of the genetic 
variation in the Australian Merino flock, and estimates variation (s.e.) associated with all 
correlations between comparisons. This study does not estimate phenotypic and genetic 
correlations for textural greasy wool handle with key production traits such as fleece weight, 
fibre diameter and body weight as they have been reported previously (Hatcher et al. 2010).   
 
Materials and methods 
Fleece samples and existing fleece data were obtained from two separate flocks: the 
Katanning Resource flock (Dowling et al. 2006a) and the Australian Wool Innovation Breech 
Strike flock (Greeff et al. 2014). 
Katanning Resource Flock 
The Katanning Resource Flock (KRF) provided data collected from Merino progeny born 
between 2000-2003 at Katanning, Western Australia (33.69º South, 117.56º East). The flock 
was originally formed in 1982, beginning with the selection of one hundred ewes and four 
rams from twelve studs, with four studs representing each of the three major strains present in 
Western Australia (Collinsville, Bungaree and Peppin Merino) (Lewer et al., 1995). The ewes 
from each stud were mated exclusively to rams from the selected stud. New rams were 
purchased each year with only one ram retained for consecutive years to provide genetic 
linkage between years. Further, in 1986, an additional flock to represent sheep bred by 
Performance Sheep Breeders group principles from four participating studs was included. 
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With the addition of an extra representative group, each flock was reduced to eighty breeding 
ewes. The ewes were bred on this basis until 1998, when offspring were ranked based on a 
general sheep index. The index placed equal emphasis on clean fleece weight, fibre diameter, 
fibre diameter co-efficient of variation, staple strength and bodyweight. Ewes were allocated 
to one of three lines based on their genetic merit estimated through the index to create three 
even genetic lines. The flock was used as a demonstration flock to show the possible 
improvements based on index selection. The initial three lines introduced in 1998 focused on 
a dedicated objective. The meat line focused on improving bodyweight and maintaining 
fleece weight, fibre diameter and staple strength. The wool quality line focused on decreasing 
fibre diameter, while maintaining fleece weight, body weight and staple strength. An 
unselected reference flock was also formulated described as the control line. Rams with the 
best index within their line were then used as potential sires (Greeff and Cox 2006). A staple 
strength line, focused on improving staple strength and maintaining fibre diameter, fleece 
weight and bodyweight was included in 1998, and an anti-felting line, focused on improving 
the anti-felting capabilities of wool and maintaining fibre diameter, fleece weight, bodyweight 
and staple strength was included in 2006. This line was terminated after two mating’s. 
The progeny from each line were shorn as lambs and then assessed with 12 months 
wool at 15 months of age. Progeny were assessed and measured for a suite of subjective and 
objective wool and production traits. Textural greasy wool handle assessment was conducted 
as part of an annual sheep classing prior to shearing by one experienced classer. The assessor 
had prior experience in the assessment of textural greasy wool handle. For the assessment, the 
classer was instructed to locate the mid-side of the animal and without evaluating the visual 
wool attributes, provide a score based on the textural friction felt from rubbing their finger 
along the fibre. It was determined that the assessment was similar to the assessment described 
by Casey and Cousins (2010), but with the scoring options ranging from 0.5 to 5 and 
increasing in half score increments. A lower score represented a texturally softer sample, and 
a higher score represented a harsh or abrasive sample. Mid-side samples were collected at 
shearing and stored in cotton bags.  
Australian Wool Innovations (AWI) Breech Strike Flock at Mt Barker, WA 
The Australian Wool Innovation Breech Strike Flock (AWIBSF) (Mt Barker Western 
Australia 34.63º South, 117.67º East) provided two years of data from stored mid-side 
samples collected in 2008 and 2012. The samples were stored in airtight bags away from air 
and moisture. Only these two years were used in this analysis, as there were only years where 
samples were measured for suint, wax, dust, moisture and yield percentage as part of 
identifying indicator traits for the prevalence of breech strike in the Australian Merino sheep 
flock. This flock was formulated in 2006 with three lines of 200 ewes. The aim was to 
determine the response of selection of breech strike indicator traits on the prevalence of 
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breech flystrike. Each flock represented the three selection scenarios: 1. A stud flock, 
focusing heavily on selection of breech strike indicator traits and placing selection pressure on 
both ewes and rams; 2. A commercial flock, purchasing sires from a stud with these selection 
strategies and culling their ewe base on a list of breech strike indicator traits; 3. A control 
line; no selection for breech strike indicator traits. In this case, ewes were selected from 
various Western Australia Department of Agriculture flocks (Greeff et al. 2014). To enter the 
‘stud’ flock, the ewe base had to have a low wrinkle score, white wool colour, minimal dags 
and no history of fleecerot, dermatophilosis or flystrike. Ewes that entered the commercial 
and control line were randomly assigned from the contributing flocks. Further linkage to the 
rest of the Australian sheep industry was established by accepting ewes from 10 different 
producer’s flocks. From each flock, 22 ewes were randomly sourced for the control line. Then 
22 ewes considered average for the flock were selected for the commercial line, and finally 22 
ewes displaying low scores for breech wrinkle, breech cover and wool colour were selected to 
represent the stud flock. The stud flock consisted of a number of foundation flocks and 
outside sire entries (Figure 5.1). Sires were used from DAFWA flocks (Department of 
Agriculture and Food Western Australia flocks), The Rylington flock (flock naturally 
resistant to gastro-intestinal worms) (Karlsson and Greeff 2006), The breechstrike flocks 
(Armidale Breechstrike flock, Mount Barker Breechstrike flock) (Greeff et al. 2014) and a 
number of outside sires (Grouped together as outside sires).     




Lambs were shorn as weaners and then 12 months later at hogget age (15 months) 
and data collected on a suite of subjective and objective wool and production traits. The 
analysis included progeny from a total of 25 different sires across the two years from the 
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selection flock based on their susceptibility and resilience to flystrike. In both years, prior to 
shearing, mid-side samples were taken and stored in plastic bags for measurement of suint, 
wax, dust and moisture quantity. The samples were stored in an airtight bag in a dry 
environment until assessed for textural greasy wool handle in 2015. Textural greasy wool 
handle assessments were conducted by an experienced classer, trained  in the assessment of 
textural greasy wool handle (Casey and Cousins 2010). Scoring was on a 1-5 scoring system. 
Texturally softer samples were scored a lower score and harsher more abrasive wool was 
assigned a higher score. Details of the frequency of scores from both datasets are provided in 
Figure 5.2 and 5.3. 
Figure 5.2. Textural greasy wool handle score frequency for Katanning Resource Flock 
 
 
Figure 5.3. Textural greasy wool handle score frequency for Australian Wool Industry 
Breech Strike Flock 
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 Measurement of non-wool constituents 
In both flocks, ten wool staples were randomly sampled from each mid-side sample. Suint, 
wax and dust percentage were measured using a modification of the Hemsley and Marshall 
method (Hemsley and Marshall 1984) to calculate the non-wool constituents through weight 
loss rather than centrifugation. Sample size for measurement of non-wool constituents 
equated to approximately 2 grams/sample. The greasy wool samples were conditioned at a 
temperature of 20ºC and 65% humidity for 24 hours prior to weighing to determine yield 
components following washing. Suint, wax and dust were all expressed as percentages of 
clean dry wool. Moisture percentage was calculated by the percentage of moisture removed 
from greasy wool following drying at 105
o
C for 16 hours. Clean yield components were 
determined as the percentage of clean fibre present (weighed directly from the drying oven at 
105°C) in each greasy sample.  
 
Statistical Analysis: 
ASReml software (Gilmour et al. 2009) was used to partition the variation in the traits and 
estimate genetic parameters using general linear mixed model and residual maximum log 
likelihood methods. The two datasets were analysed separately. Firstly, a univariate sire 
model was fitted to all traits.  
Non-genetic environmental effects for the KRF included: sex (male or female); birth 
year (4 drops over 4 years); birth type (3 levels: single; twin; triplet born); selection line (5 
levels: selection line 1, The meat line; selection line 2, The wool quality line; selection line 3, 
The control line; selection line 4, The staple strength line; selection line 5, The anti-felting 
line) and dam age (8 levels: 2, 3, 4, 5, 6, 7, 8, 9 years of age). Date of lambing was also fitted 
as a covariate and predicted values estimated at day 154, 166, 178, 190 and 202 of the year to 
standardise for the difference in lambing period. Date of lambing occurred over a 48 days of 
the year across the different years. The effect of the date of lambing was estimated at every 12 
days per period.  
Non-genetic environmental effects for the AWIBSF included: sex; (male or female), 
birth year; (2008 or 2012), birth type; (3 levels: single, twin, triplet) and dam age; (7 levels: 2, 
3, 4, 5, 6, 7, 8 years of age). Mating either occurred via artificial insemination or through a 
short joining period (35 days); so no covariate was included. 
The models fitted to both datasets also included any significant two-way interactions 
with non-genetic environmental effects. A series of animal models (general linear model with 
the use of pedigree to estimate phenotypic variance) were fitted to each trait from each dataset 
with either sire or dam included as a random effect. Both flocks included at least three 
generations of pedigree to run the animal model. The most appropriate model was chosen 
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 based on log likelihood ratio tests. Phenotypic and genetic correlations, with standard errors 
were estimated from the appropriate co-variances using a series of bivariate analyses. 
A further model was estimated based on the results on the phenotypic correlation 
analysis. As suint was shown to have one of the strongest correlations with textural greasy 
wool handle and was of interest to wool industry, it was further modelled to compare the 
magnitude of the effect against other non-genetic environmental effects. Each sample was 
allocated into one of four quartile groups, based on the percentage of suint in the sample. 




The two datasets comprised of 3,933 progeny in the KRF and 808 in the AWIBSF. The mean 
textural greasy wool handle score was softer in the KRF (2.4) compared with the AWIBSF 
(2.8) (Table 5.1). Variation in textural greasy wool handle was similar across the two datasets 
(KRF 29.5%, AWIBSF 23.1%). Mean suint percentage was shown to be similar in both flocks 
(KRF 10.6%, AWIBSF 10.6%), however, the KRF exhibited less variation (31.2%) compared 
with the AWIBSF (40.6%).Wax and moisture percentage, were shown to be similar in their 
mean and variation across the two datasets. Mean dust percentage was lower in the AWIBSF 
(4.9%), compared with the KRF (10.9%). The AWIBSF had greater variation in dust 
percentage (54.5%) compared with the KRF (49.1%). Yield percentages were higher in the 
AWIBSF (72.3%) compared with the KRF (70.4%), but again showed similar variation across 
the two dataset (KRF 7.4, AWIBSF 5.6%). Mean, variation and range of other fibre 
quality/quantity and production traits are also included in Table 5.1.  
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 Table 5.1. Mean, co-efficient of variation and range for handle scores, clean yield, suint, wax, dust and moisture percentage for the Katanning 
Resource flock and AWI Breech Strike flock 
Trait 
KRF AWIBSF 
Mean CV Min Max Mean CV Min Max 
Traits of interest 
Textural greasy Handle (1-5) 2.4 29.5 0.5 5.0 2.8 23.1 1.0 5.0 
Yield (%) 70.4 7.4 49.2 96.3 72.3 5.6 59.7 81.3 
Suint (%) 10.6 31.2 2.6 29.0 8.9 40.6 0.4 36.0 
Wax (%) 21.6 34.3 4.8 77.6 21.0 17.4 6.6 58.2 
Dust (%) 10.9 49.1 2.7 45.0 4.9 54.5 0.1 23.1 
Moisture (%) 17.6 20.8 7.9 34.9 19.8 12.5 13.2 28.3 
 Other fibre attributes 
Fibre Diameter (µm) 19.0 8.9 14.0 26.2 18.8 6.8 15.4 23.4 
Fibre Diameter Standard Deviation (µm) 4.5 14.9 2.8 7.8 3.8 26.3 2.8 5.6 
Fibre Diameter Co-efficient of Variation (%) 23.8 12.9 15.7 39.3 20.2 10.9 14.1 27.4 
Greasy fleece weight (kg) 4.3 16.6 1.4 9.1 4.3 15.8 2.5 6.7 
Body weight (kg) 50.6 18.7 22.5 84 58.7 17.4 33 88.5 
Staple length (mm) 93.3 15.9 56 142.3 94.4 12.8 61 198 
Staple strength (N/ktex) 26.2 38.0 3.0 66.3 30.7 24.8 8.2 54.9 
Resistance to compression (kPa)* NA NA NA NA 5.59 11.7 3.5 7.7 
*NA: Not measured  
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 Non-genetic environmental effects on textural greasy wool handle: 
Katanning Resource flock (KRF) 
Sex had a significant effect only on textural greasy wool handle (P <0.001), yield (P<0.001), 
suint (P<0.001), wax (P<0.001) and dust percentage (P<0.001) (Table 5.2 and 5.3). Wethers 
had softer textural greasy wool handle, lower yields, greater suint, wax and dust percentage 
compared with ewes. Sex had no significant effect on moisture percentage (P>0.05). Birth 
type was highly significant effect on textural greasy wool handle (P<0.001) and suint 
percentage (P<0.001); but no effect was evident for wax, dust or yield percentage (P>0.05). 
Single born lambs were shown to have the softest wool compared to twins and triplets. 
Textural greasy wool handle was significantly affected by date of lambing. Lambs born 
earlier in the periods had harsher wool compared with lambs born later in the year. Dam age 
was only significant for textural greasy wool handle (P<0.05) and suint percentage (P<0.05). 
Non-genetic environmental effects with only reference to this flock that were 
significant included, selection line, which was highly significant for textural greasy wool 
handle (P<0.001). The anti-felting line had the softest wool followed by the wool quality line, 
staple strength line, bodyweight line and the control line, which had the harshest wool. Birth 
year was not significant based on the fixed effects model; however upon further completion of 
the t-test from the predicted means, there were significant difference between offspring born 
in 2001 and 2000. Offspring born in 2002 and 2003 were not significantly different from each 
other but were significantly different from 2001 and 2000.  
AWI Breech Strike flock (AWIBSF) 
Sex had a significant effect on textural greasy wool handle (Table 5.2 and 5.3), suint and wax 
percentage, with rams having softer wool and a higher proportion of wax and dust (P<0.05), 
but had lower yield and greater moisture uptake compared with ewes. Birth type was 
significant for textural greasy wool handle and clean yield percentage (P<0.05), with single 
born lambs having the softest wool followed by triplets and then twins. Twins had a greater 
percentage of moisture and dust percentage followed by singles and then triplets. Dam age 
was only significant for textural greasy wool handle, suint and moisture percentage (P<0.05) 
but showed no clear trend across the different dam ages. 
Specific to this flock, birth year was also significant (P= 0.02) with offspring born in 
2012, having softer wool compared with offspring born in 2008. 
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 Table. 5.2. Significance of fixed effects (P value) for textural greasy wool handle and 
non-wool constituents for the Katanning Resource flock and AWI Breech Strike flock 
 Handle Yield % Suint % Wax % Dust % Moisture % 
 Katanning Resource flock 
Sex <0.001 <0.001 <0.001 <0.001 <0.001 0.11 
Birth Year 0.11 <0.001 <0.001 <0.001 <0.001 <0.001 
Birth Type <0.001 0.97 <0.001 0.33 0.39 0.04 
Selection Line <0.001 0.77 <0.001 0.27 0.01 <0.001 
Dam Age 0.05 0.36 0.03 0.21 0.15 0.30 
Date Of Lambing <0.001 0.51 0.90 0.58 0.12 0.47 
Sex. Date Of Lambing    0.05   
 AWI Breech Strike flock 
Sex 0.00 0.17 0.03 0.02 <0.001 <0.001 
Birth Type 0.00 0.02 0.52 0.61 0.66 0.21 
Birth Year 0.02 0.03 0.55 0.01 <0.001 0.00 
Dam Age 0.02 0.09 0.01 0.29 0.31 0.02 
Birth Type.Dam Age 0.01      
Environmental effects and interactions that only relate to the flocks analysed are included in 
the appendix for the viewers interest on the full model used in the analysis. 
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 Table 5.3. Predicted means ( s.e.) for greasy wool handle and non-wool constituents in the Katanning 
Resource flock.* 
Factor Handle Yield % Suint % Wax % Dust % Moisture % 
Katanning Resource flock 
Sex 
Ewe 2.49±0.03a 72.08±0.23a 10.25±0.15b 20.55±0.29b 8.79±0.15b 17.81±0.08 
Wether 2.39±0.03b 68.21±0.23b 11.03±0.15a 23.00±0.30a 13.04±0.15a 17.80±0.08 
Birth year 
2000 2.45±0.04b 69.96±0.27b 11.09±0.19c 24.38±0.36a 9.84±0.22c 16.82±0.11c 
2001 2.39±0.04a 69.88±0.27b 8.46±0.19d 16.49±0.36c 7.91±0.22d 13.62±0.10d 
2002 2.46±0.04c 70.87±0.27a 12.01±0.18a 22.28±0.36b 12.98±0.19b 20.40±0.10b 
2003 2.47±0.04c 69.97±0.29b 11.27±0.21b 24.48±0.38a 13.23±0.23a 21.13±0.11a 
Date of lambing (day of the year) 
154 2.65±0.05a 70.31±0.32a 10.73±0.20a 21.97±0.43a 10.53±0.25e 17.76±0.13c 
166 2.55±0.03b 70.24±0.25ab 10.69±0.16ab 21.88±0.33ab 10.68±0.17d 17.78±0.09bc 
178 2.45±0.03d 70.17±0.22ab 10.64±0.14bc 21.78±0.28bc 10.82±0.13c 17.80±0.08abc 
190 2.36±0.03c 70.09±0.23ab 10.60±0.16cd 21.69±0.31cd 10.97±0.16b 17.82±0.09ab 
202 2.26±0.04e 70.02±0.30b 10.56±0.19d 21.60±0.40d 11.11±0.23a 17.84±0.12a 
Birth type 
singles 2.34±0.03a 70.22±0.23a 10.50±0.15b 22.09±0.30a 11.15±0.15a 17.91±0.08a 
twins 2.51±0.03b 70.14±0.22a 10.89±0.15a 21.71±0.29a 11.04±0.15a 17.96±0.08a 
triplets 2.63±0.12c 69.82±0.72b 9.73±0.46c 19.84±1.00b 10.33±0.65b 15.91±0.32b 
Selection line       
1. Meat line 2.51±0.04b 69.91±0.37b 10.61±0.24b 22.28±0.48b 10.46±0.22c 17.65±0.13c 
2. Wool line 2.26±0.05d 70.45±0.40a 10.29±0.26c 21.35±0.51c 11.59±0.22a 17.83±0.13b 
3. Control line 2.65±0.05a 69.91±0.42b 11.36±0.28a 22.06±0.54b 10.46±0.24c 18.47±0.14a 
4. Staple strength 
line 
2.31±0.07c 70.49±0.56a 10.11±0.38c 20.88±0.72d 10.90±0.35a 16.90±0.19d 
5. Anti-felting line 1.96±0.11d 69.99±0.80b 9.73±0.52d 25.05±1.06a 9.21±0.56d 16.46±0.31e 
Dam age (yrs) 
1 2.44±0.03cd 70.21±0.25c 10.98±0.16b 22.17±0.33b 11.20±0.17d 18.24±0.09c 
2 2.36±0.03f 69.92±0.25de 10.36±0.16d 21.67±0.33cd 11.15±0.17b 17.71±0.09e 
3 2.44±0.04cd 69.84±0.26e 11.00±0.17b 22.87±0.35a 11.58±0.19a 18.44±0.10b 
4 2.40±0.04e 70.29±0.28c 10.38±0.18d 21.77±0.37c 10.71±0.21c 17.90±0.11d 
5 2.49±0.05b 70.24±0.31c 10.22±0.21e 21.62±0.42cd 10.21±0.25d 16.90±0.13g 
6 2.54±0.05a 70.11±0.31cd 10.66±0.21c 20.80±0.42f 10.13±0.26d 17.31±0.13f 
7 2.40±0.08e 70.72±0.52a 11.20±0.38a 21.10±0.72ef 10.50±0.52c 18.60±0.22a 
8 2.44±0.13cd 70.69±0.73b 10.73±0.51c 21.39±1.01de 11.28±0.70b 17.79±0.31e 
AWI Breech Strike Flock 
Sex 
Ewe 2.83±0.06a 72.73±0.42a 9.15±0.36a 20.22±0.68b 4.41±0.20b 20.05±0.24a 
Ram 2.68±0.06b 71.93±0.41b 8.63±0.35b 21.62±0.65a 5.23±0.19a 19.29±0.24b 
Birth year 
2008 2.88±0.08a 73.53±0.55a 8.93±0.45 19.04±0.87b 5.62±0.24a 20.31±0.31a 
2012 2.63±0.08b 71.07±0.56b 8.87±0.48 22.90±0.87a 3.93±0.24b 19.01±0.32b 
Birth type 
single 2.61±0.07c 73.13±0.41a 8.67±0.34b 20.20±0.66b 4.81±0.19b 19.58±0.23b 
twins 2.91±0.07a 72.17±0.41b 9.12±0.35a 20.80±0.65b 4.96±0.19a 19.95±0.23a 
triplets 2.78±0.18b 70.21±1.18c 8.98±1.09ab 23.58±1.96a 4.26±0.74c 19.17±0.70c 
Dam age (yrs) 
1 2.85±0.07b 72.46±0.41c 9.21±0.36ab 20.35±0.66cd 4.86±0.20c 19.96±0.24ab 
2 2.71±.09c 71.80±0.50de 9.14±0.44ab 22.32±0.80a 4.92±0.26c 19.87±0.29bc 
3 2.57±0.08d 73.44±0.69a 8.37±0.48c 20.85±1.14bc 4.04±0.30e 19.36±0.32de 
4 2.66±0.09c 72.52±0.50c 8.28±0.43c 21.25±0.80b 4.96±0.26c 19.22±0.29e 
5 2.83±0.10b 71.99±0.61cd 9.51±0.51a 20.16±1.00cd 4.42±0.32d 19.61±0.34cd 
6 3.05±0.23a 71.36±1.46e 8.98±1.35b 19.91±2.43d 5.31±0.93b 20.17±0.86a 
7 2.86±0.19b 73.10±1.16b 8.49±1.06c 20.09±1.92d 5.78±0.72a 20.04±0.68ab 
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 *Letters accompanying the predicted values refers to significance between non-genetic 
effects. 95% confidence level (P<0.05) 
 
Heritability 
Heritability estimates (Table 5.4) were consistent across the two datasets. Textural greasy 
wool handle, suint, wax, moisture and yield percentage were all highly heritable (> 0.35). 
Dust percentage was lowly heritable ( 0.15). There was no evidence of a significant maternal 
genetic component in any traits in either the KRF or AWIBSF. As such, there was no need to 
separate the maternal genetic or maternal permanent effect. The small dataset size of the 
AWIBSF (800 progeny from two years), may have had an effect on the ability to estimate 
this due to insufficient progeny from each sire. However, the KRF was of sufficient size to 
estimate the maternal effect as there was progeny born from the same dam across years from 
multiple sires. 
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 Table 5.4. Variance components and heritability (h
2
, s.e.) for the Katanning Resource flock and AWI Breech Strike flock.  
Trait 
Variance components 
Phenotypic Residual Additive Heritability Phenotypic Residual Additive Heritability 
 Katanning Resource Flock AWI Breech Strike Flock 
Handle 0.56 0.37 0.20 0.35±0.04 0.36 0.21 0.15 0.42±0.12 
Yield % 21.90 7.78 14.12 0.64±0.04 15.83 3.96 11.87 0.75±0.16 
Suint % 8.32 3.60 4.72 0.57±0.04 12.63 8.12 4.51 0.36±0.12 
Wax % 44.17 12.81 31.36 0.71±0.04 43.44 15.75 27.69 0.64±0.15 
Dust % 16.28 13.55 2.73 0.17±0.03 5.98 5.11 0.88 0.15±0.08 
Moisture % 4.07 2.59 1.48 0.36±0.04 5.20 2.77 2.43 0.47±0.13 
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 Phenotypic and genetic correlations of textural greasy wool handle with non-wool 
constituents 
Phenotypic correlations 
Across both flocks, phenotypic correlations for textural greasy wool handle with yield, suint, 
wax and dust percentage were negligible to weak (between +0.20 and -0.20), showing a 
minimal correlation (Table 5.5). Suint percentage had a low correlation with textural greasy 
wool handle in the AWIBSF (0.20±0.04), but was negligible in the KRF (0.14±0.02). 
Similarly, correlations between moisture percentage and textural greasy wool handle were 
low (0.27±0.04) in the AWIBSF and negligible in the KRF (0.13±0.02). 
Genetic correlations 
Genetic correlations between textural greasy wool handle and yield, wax and dust percentage 
were negligible (<0.30) (Table 5.5). Genetic correlations between textural greasy wool handle 
and suint percentage were lowly correlated in both flocks (KRF (0.21±0.07), AWIBSF 
(0.35±0.22)). The estimate from the AWIBSF had a high standard error, indicating more data 
is required to accurately estimate the correlation. In these flocks, genetic correlations between 
textural greasy wool handle and moisture percentage were low and positive in the KRF 
(0.30±0.08) and moderately positive (0.49±0.18) in the AWIBSF. 
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 Table 5.5. Phenotypic and genetic correlations between with greasy wool handle and non-wool constituents 
 Katanning Resource flock AWI Breech Strike flock 
Trait Phenotypic correlation ±s.e. Genetic correlation ±s.e. Phenotypic correlation ±s.e. Genetic correlation ±s.e. 
Yield percentage -0.05±0.02 -0.08±0.07 -0.16±0.04 -0.18±0.20 
Suint percentage 0.14±0.02 0.21±0.07 0.20±0.04 0.35±0.22 
Wax percentage -0.05±0.02 -0.03±0.07 0.03±0.04 -0.18±0.23 
Dust percentage 0.03±0.02 0.23±0.11 0.05±0.04 -0.13±0.32 
Moisture percentage 0.13±0.02 0.30±0.08 0.27±0.04 0.49±0.18 
90
 Suint percentage modelled as a factor: 
When suint was modelled as an additional factor in the textural greasy wool handle analysis, 
the magnitude of the effect based on estimated P value; shows that in the KRF, suint quartile 
had approximately a larger effect than birth type, dam age and birth year, but a smaller effect 
than the selection line, date of lambing or sex (Table 5.6). In the AWIBSF, suint quartile was 
approximately had a stronger effect than birth type, sex and dam age, but weaker than birth 
year. 
Table 5.6. Suint percentage modelled as a factor compared with other routinely 
measured non-genetic environmental effects on the assessment textural greasy wool 
handle 
Katanning Resource Flock AWI Breech Strike Flock 
Factor
*
 F value P value Factor
 
F value P value 
Selection line 54.06 <0.001 Birth year 21.70 <0.001 
Date of lambing 23.49 <0.001 Suint quartile range 15.55 <0.001 
Sex 20.83 <0.001 Birth type 3.50 0.02 
Suint quartile range 18.70 <0.001 Sex 3.35 0.04 
Birth type 17.49 <0.001 Dam age 1.66 0.12 
Dam age 2.16 0.04    
Birth year 0.89 0.45    
*Factors are listed in their order of magnitude. 
 
Discussion 
Non-genetic environmental effects on the textural greasy wool handle: 
The two environments of the KRF and the AWIBSR have contrasting environmental 
conditions based on climatic data. However, non-genetic environmental effects that 
influenced the assessment of textural greasy wool handle had some consistency. In both 
flocks, sex had a significant effect on the assessment of textural greasy wool handle (P value 
KRF <0.001, AWIBSF 0.00)(Table 5.2). In the KRF, wethers were texturally softer compared 
to ewes. In the AWIBSF, male offspring (rams) were softer than the ewe flock. This 
highlights the importance of assessing ewes and wethers separately for textural greasy wool 
handle. Sex was also significant in previous studies (James et al. 1990; Mortimer et al. 2009; 
Hatcher et al. 2010), but was either not reported or the male and female progeny were run in 
separate contemporary groups so it was difficult to isolate the effect. 
 Birth type significantly affected both flocks (P value KRF: <0.001, AWIBSF: 0.00) 
(Table 5.2). In the KRF, single born lambs had the softest wool compared with twins and 
triplets. While in the AWIBSF, singles again had the softest wool followed by triplets and 
twins. However, the dataset for the AWIBSF included only 0.01% of the flock as triplets and 
there was only 0.12 handle score difference between twins and triplets. Caution must be 
advised on the use of this estimate to predict the effect of differing birth type on other flocks. 
Hatcher et al. (2010) and Mortimer et al. (2009) both demonstrated significant differences 
between birth rearing rank (combination of birth type and rearing type) for textural greasy 
wool handle in all flocks analysed. The magnitude of effect of birth rearing rank was also 
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 similar for other wool quality traits such as fibre diameter (Mortimer and Atkins 1989), but is 
dependent on the flock in question (Purvis 1990). Fibre diameter has been reported to be 
highly correlated with textural greasy wool handle (Mullaney et al. 1970; James et al. 1990; 
Brown et al. 2002; Robinson et al. 2007; Mortimer et al. 2009), so this effect was expected. 
However, if we aim to utilise these results to make management decisions to reduce the effect 
or separate the effect in on-farm decisions based on phenotypic data, it appears to be worth 
the effort to identify birth type data such as separation of single and twin bearing ewes at 
pregnancy scanning. This can occur cheaply and efficiently. The inability to isolate effects 
such as birth type is one reason why classing without the estimation of these non-genetic 
environmental effects will result in slower genetic improvement. In flocks completing a 
within or across flock genetic analysis, such as participants in genetic programs such as 
MERINOSELECT ®, it is compulsory to record these non-genetic environmental effects to 
obtain ASBV’s (Australian Standard Breeding Values).  
Dam age was also significant for both analyses (KRF: P value =0.05, AWIBSF: P 
value =0.02) (Table 5.2), but no clear trend was evident in either datasets. The effect of dam 
age was weaker compared with the other non-genetic environmental effects, which agrees 
with Mortimer et al. (2009), who also showed the effect to be small or not significant in the 
multiple flocks analysed. As shown in the Appendix (Table 5.7), other non-genetic 
environmental effects that do not relate to other flocks such as birth year, data of lambing and 
selection line were also included in the analysis; but only relate to these two flocks. 
Nevertheless, these effects were significant and may provide evidence on what management 
factors need to be recorded to obtain accurate estimated breeding values.  
Lambing in the KRF occurred across 48 days. Interestingly lambs born earlier in the 
lambing period had harsher and coarser wool and these responses were present in all years. 
Perhaps this response maybe in response to the beginning of a break in the season coinciding 
with the production of green feed or the deficit of feed later on in the lambing period.     
Heritability 
Heritability estimates for textural greasy wool handle (KRF 0.35, AWIBSF 0.42) were higher 
than (Morley 1955; Mullaney et al. 1970; Lax et al. 1995; Ponzoni et al. 1995; Li et al. 1999; 
Hatcher and Atkins 2000; Robinson et al. 2007; Swan et al. 2008; Mortimer et al. 2009), 
similar to (James et al. 1990; Lewer et al. 1995; Brown et al. 2002), but lower than Hatcher et 
al. (2010) (Hatcher et al. 2010). Results from this study agree with previous reports that 
textural greasy wool handle is heritable and has sufficient phenotypic variation (Table 5.4) to 
achieve genetic improvement in textural greasy wool handle. Given the vastly different 
genetic makeup of the two flocks, the two heritability estimates are in general agreement. 
The heritability for suint percentage varied in magnitude between the KRF 
(0.57±0.04) and the AWIBSF (0.36±0.12). The high standard error for the AWIBSF may 
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 even indicate little difference between the two flocks. Considering the mean suint percentage 
for the KRF was similar to the AWIBSF (10.6% and 8.9% respectively), the variation in suint 
for the AWIBSF was nearly double that of the KRF (AWIBSF, 27.3%, KRF 40.2%). The 
difference in phenotypic variation between these two flocks was less (Table 5.4), indicating 
the non-genetic environmental effects account for considerably more variation in the 
AWIBSF. 
The heritability estimates for suint percentage were higher than previously reported in 
the KRF, but similar to previous estimates in the AWIBSF (James et al. 1990; Mortimer and 
Atkins 1993). Unlike the two flocks examined, Mortimer and Atkins (1993) included fine 
wool bloodlines amongst the 15 bloodlines analysed. Other estimates, such as from James et 
al. (1990), reported the heritability from a single strain (Collinsville) from one flock. 
However, results from the referred flocks all had a similar suint mean percentage and 
variation.  
Wax heritability was of a similar magnitude in both flocks (KRF 0.64, AWIBSF 
0.71). The estimate in the current analysis was higher than previously reported (Thornberry et 
al. 1980; James et al. 1990; Mortimer and Atkins 1993). Even with the diversity of 
bloodlines/strains examined in all the AWIBSF and the KRF, the mean wax percentage and 
variation observed was similar for both flocks, indicating, the variability in the climatic 
conditions had a minimal effect on the estimate.   
Dust percentage was lowly heritable (KRF 0.17, AWIBSF, 0.15), which agrees with 
previous reports  (Lax et al. 1995, ; Li et al. 1999). Considering the two flocks were grazed in 
conventionally different conditions (Katanning, pastoral low rainfall; Mount Barker, 
temperate, high rainfall), the heritability of dust percentage was virtually the same. Therefore, 
genetic selection for reduced dust percentage in wool would be slow.  
Moisture percentage was highly heritable in both flocks (KRF 0.36, AWIBSF 
0.47).Variation in moisture percentage is due to the hygroscopic nature of the wool (i.e. 
chemical components that attract moisture). There are limited studies, which estimate the 
heritability of moisture percentage. Young (1955) demonstrated differences between strains 
using phenotypic data, but mean moisture percentage was 10% lower than in the present 
study. Wool itself is hygroscopic and the accumulative effect of the non-wool constituents 
such as suint only increases the moisture holding capacity of the sample. The term referred to 
as moisture percentage is an estimation of the measurement of moisture in a greasy sample 
following drying at 105ºC for 16 hours. Therefore the amount of non-wool constituents 
present in the sample will vary greater, compared with the moisture absorption of a clean 
sample following drying and time for regain, which has been shown to be lowly heritable 
(Dowling et al. 2006a). As suint is highly heritable it is not surprising moisture percentage is 
also highly heritable.  
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 Heritability estimates for yield percentage were high (KRF 0.64, AWIBSF 0.75). This 
is on the upper range of previous reports (Young et al. 1960; Beattie 1962; Gregory 1982; 
Mortimer and Atkins 1989; James et al. 1990; Ponzoni et al. 1995; Hatcher and Atkins 2000; 
Swan et al. 2008). Yield is a combination of the accumulative effect of non-wool constituents 
such as suint, wax, dirt and moisture components. It is interesting the heritability of yield is 
greater than all other non-wool components of yield in the AWIBSF and second greatest in 
the KRF behind wax percentage.  
 There was no maternal effect present in any of the traits studied. Traits which have a 
significant maternal effect are usually traits that are measured early in life and are the 
response of the mothering performance of the dam. The traits in this study were measured or 
assessed at 15 months of age.  
Phenotypic and genetic correlations between non-wool components and greasy wool handle 
Phenotypic correlations: 
A previous study, reported suint as having a negative impact on greasy wool handle (Roberts 
1956), suggesting it was “sticky to touch”. The phenotypic relationships between suint and 
textural greasy wool handle in the present study appear to agree with this statement. The low 
positive phenotypic correlation between suint and textural handle indicates wool with a high 
suint concentration will have a harsher textural handle. The magnitude of the effect was small 
as demonstrated in James et al. (1990). Comparing the samples used originally by Roberts 
(1956) to the current study, the mean suint percentage of the samples was 9.5% and ranged 
from 3.3-28.8%. While in this study there was a similar mean (KRF 10.6%, AWIBSF 8.9%) 
but a greater range (0.4% to 36.0%), indicating the datasets analysed were similar in terms of 
the range of suint percentage. As suggested by Roberts (1956), the effect of handle maybe due 
to the preference of the assessors rather than a universal correlation between two traits. 
Further work should focus on determining if non-wool constituents such as suint affect 
assessors differently depending on their personal preference. Roberts (1955) suggested this 
was one reason for the disparity in results between his three studies. This statement highlights 
one of most important problems in the utilisation of subjective tactile assessments. As it is 
difficult to standardise a response from a diverse numbers of assessors, getting the assessors 
to score textural greasy wool handle on the same scale has proven difficult. This detail was 
understood many decades ago and has led to the development of a consistent approach using a 
standardised protocol to assess textural greasy wool handle. As the two flocks analysed in this 
study only used one assessor for each flock, there was no variation between assessors. Preston 
et al. (2016) demonstrated there is considerable difference between trained assessors even 
when an extensive protocol has been developed. Nevertheless, the magnitude of the 
phenotypic association between suint and textural greasy wool handle was low (Table 5.5), 
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 indicating prolonged selection for softer textural greasy wool handle will see small favourable 
changes in suint percentage. 
Moisture percentage had a low positive phenotypic correlation with textural greasy 
wool handle, indicating that selection of softer handling wools is associated with lower 
moisture percentage. As mentioned previously, the correlation of moisture and suint 
percentage showed a similar correlation with textural greasy wool handle due to suint being 
highly hygroscopic. The effect of moisture percentage on the protocol for textural greasy 
wool handle assessment may be more apparent when assessments are made in environmental 
conditions with a high humidity, or when multiple sampling sites are evaluated on each 
animal as moisture percentage has been shown to vary across the fleece (Young 1955). Thus, 
variation due to the time of day, differences in ambient temperature would affect the 
assessment of textural greasy wool handle across the day and between years. Further 
regression analysis would be able to estimate the magnitude of effect of this result compared 
with other measured variables. Previous results have shown less variation in textural greasy 
wool handle when assessed in laboratory conditions compared with the assessment on the 
animal in the sheep yards. 
As softer wool has lower moisture percentage, wool with greater or less moisture 
would have changes in individual fibre properties such as fibre diameter. It is unknown if this 
effect is greater than other confounding variables. This result does conform with the sensorial 
assessment of next-to-skin Merino wool knitwear; where softer wool (lower resistance to 
compression and lower fibre curvature) had less preferred assessment for breathability and 
feel after exercise (damp/dry) compared with wool of similar fibre diameter but higher 
resistance to compression and higher fibre curvature (McGregor et al. 2015). 
Wax percentage had a negligible phenotypic correlation with textural greasy wool 
handle, indicating little to no association between the two traits as previously reported 
(Roberts 1956; James et al. 1990). While it is clear, wax percentage has little to no impact on 
textural greasy wool handle, it has not be concluded on what the accumulative effect wax and 
suint has on the assessment. For example, what is the phenotypic correlation between grease 
thickness/surface area of fibre on textural greasy wool handle?  
Dust percentage also showed a negligible phenotypic correlation with textural greasy 
wool handle, indicating no association between these two traits. The general agreement in 
magnitude is surprising considering the contrasting environments of the two flocks. For 
example, Katanning is considered a “dusty environment”, due to its characteristic 
Mediterranean climate (i.e. wet winter, dry summer). It has a mean rainfall of 458mm with 
the majority of this falling in winter. Mean dust percentage in the KRF was 10.8% with a 
range of 2.7%- 45.0% indicating dusty conditions. In contrast, Mount Barker has a mean 
rainfall of 739mm and had a mean dust percentage of 4.9% with a range from 0.1-23.1%. 
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 Like wax percentage, additional information about the penetration of dust along the wool 
staple may better describe the relationship between dust content and textural greasy wool 
handle rather than dust percentage included in this analysis. However, Lax et al. (1995) was 
unable to identify any significant relationship between dust penetration and textural greasy 
wool handle. Charlesworth (1970) demonstrated that dust content is related to suint content of 
the fleece, with wool of greater suint content having greater dust penetration in terms of both 
the depth of penetration and amount of dust retained in the wool samples. This relationship 
was not explored in the current study, but may highlight an association between the two non-
wool constituents and in certain circumstances a relation with textural greasy wool handle. 
Genetic correlations 
Genetic correlations between textural greasy wool handle and suint percentage had a low 
positive correlation, indicating that in future generations, prolonged selection for softer wool 
will lead to small correlated reductions in suint percentage. This is a favourable association, 
however the magnitude was lower than reported genetic correlations estimated in other flocks 
(James et al. 1990). To further speculate the predicted response from an index selection 
focusing on improving textural greasy wool handle on production traits such as fibre 
diameter, fleece weight and bodyweight would provide further understanding on the response 
from main production traits. Studies such as Mortimer et al. (2010) have presented an 
estimated response from another flock with some subjective traits such as greasy wool handle 
but did not include the response from non-wool constituents. 
The negligible genetic correlations between textural greasy wool handle, wax 
percentage and dust percentage indicate selection for improved textural greasy wool handle 
will have little effect on wax or dust percentage in wool. 
The genetic correlation between textural greasy wool handle and moisture percentage 
was low for the KRF (0.30), but was moderate for the AWIBSF (0.49), indicating selection in 
future generations for softer handling wools will result in a decrease in the amount of 
moisture in the wool. However, the correlation estimate had a high standard error in the 
AWIBSF. Further data is required to better estimate this correlation. 
Suint quartile as a factor 
Suint quartile measured as a factor varied in order of magnitude across the KRF and the 
AWIBSF compared with other routinely measured non-genetic environmental effects. In the 
KRF, suint quartile had an approximate effect greater than birth type, dam age or birth year, 
but weaker than selection line, date of lambing or sex. In comparison, suint quartile in the 
AWIBSF, birth year was stronger, but weaker than birth type, sex or dam age.  
The approximate effect of these non-genetic environmental effects are exclusively 
only related to the flock analysed, but may give an estimated effect to suint in Australian 
conditions compared with other non-genetic environmental effects. Overall, the effect is 
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 moderate, however results indicate some of the other non-genetic environmental effects can 
account for greater variation. It is recommended that these factors are measured according to 
standard recording procedures set out by programs such as MERINOSELECT®. The cost to 
measure suint is significant and needs to be taken into account before considering. 
 
Conclusion 
Comparing the two flocks, despite the different genetic backgrounds, selection histories, 
breeding objectives and different environmental conditions, estimates were in general 
agreement. Significant environmental effects, which were shown to have the largest effect in 
the KRF include date of lambing, birth type, sex, selection line and dam age, while for the 
AWIBSF, sex, birth type , birth year and dam age were shown to have a significant effect 
across the datasets.  Heritability estimates for textural greasy wool handle were shown to be 
highly heritable, as well for non-wool constituents such as suint, wax and moisture 
percentage. Dust percentage was lowly heritable agreeing with previous reports. Phenotypic 
correlations between textural greasy wool handle and non-wool constituents were all 
negligible in both flocks except for a low correlation between textural greasy wool handle, 
suint and moisture percentage indicating these hygroscopic properties affect the assessment of 
textural greasy wool. However, the effect of these properties on textural greasy wool handle is 
less than anecdotally suggested. Priority should concentrate on improving the repeatability or 
accuracy of textural greasy wool handle assessment through instigating greater training of 
assessors (Preston et al. 2016), standardising a common assessment site (Preston et al. 2014), 
accounting for non-genetic environmental effects where possible, changing the physical state 
of assessment (greasy on-animal greasy loose or clean assessment state) (Preston et al. 2016) 
or utilising some form of handle standards to improve the precision of results. In all 
circumstances, the financial costs to employ these conditions must be evaluated depending on 
the priority of the textural greasy wool handle in a breeding program.
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 Appendix: 
Appedix Table 5.7. Additional significant environmental interactions (p value) that are specific to the flock and do not relate to other flocks for 
textural greasy wool handle and non-wool constituents. 
 Handle Yield % Suint % Wax % Dust % Moisture % 
 Katanning Resource flock 
Sex.Birth Year  <0.001 <0.001 0.00 <0.001 <0.001 
Sex.Selection Line    0.01   
Birth Year.Selection Line 0.04  0.01    
Birth Year.Dam Age   <0.001  0.01  
Birth Year.Date Of Lambing   0.00  0.00 0.001 
Selection Line.Dam Age 0.001      
 AWI Breech Strike flock 
Birth Year.Sex <0.001 0.02 0.01  <0.001 <0.001 
Birth Year.Birth Type  0.00 0.01   <0.001 
Birth Year.Dam Age  0.02  0.03   
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 Appendix Table 5.8: Univariate model estimating the non-genetic effect for textural greasy wool 
handle in the KRF 
Source of variation Numerator DF Denominator DF F-value P-value 
Mean          1 95.2 12287 <.001 
Date of Lambing 1 3883.5 26.8 <.001 
Birth Type 2 3858.5 23.3 <.001 
Selection Line            4 136.7 17.2 <.001 
Sex        1 3868.9 17.3 <.001 
Birth Year             3 1330.7 2 0.11 
Dam Age 7 3863.2 2 0.05 
Selection Line.Dam Age     19 3845 1.9 0.01 
Selection Line.Birth Year       9 1327.7 2 0.04 
 
Appendix Table 5.9: Univariate model estimating the non-genetic effect for Yield percentage in 
the KRF 
Source of variation Numerator DF Denominator DF F-value P-value 
Mean        1 105.1 120000 <.001 
Sex       1 3924.4 810.3 <.001 
Birth Year       3 2556.5 8.8 <.001 
Dam Age 7 3910 1.1 0.36 
Selection Line      4 144.4 0.5 0.77 
Date of Lambing 1 3930.9 0.4 0.51 
Birth Type     2 3909.6 0 0.97 
Sex.Birth Year  3 3923.7 38.5 <.001 
 
Appendix Table 5.10: Univariate model estimating the non-genetic effect for suint percentage in 
the KRF 
Source of variation Numerator DF Denominator DF F-value P-value 
Mean          1 100.7 6487.9 <.001 
Birth Year         3 2630.9 232.5 <.001 
Sex         1 3891.5 104.7 <.001 
Birth Type       2 3876.4 11.1 <.001 
Selection Line       4 137.9 5.3 <.001 
Dam Age 7 3876.4 2.2 0.03 
Date of Lambing 1 3897 0 0.90 
Sex.Birth Year     3 3891.2 34.8 <.001 
Date of Lambing.Birth Year     3 3891.7 4.6 0.00 
Dam Age.Birth Year  20 3865.6 2.3 <.001 
Selection Line.Birth Year    9 2273.7 2.6 0.01 
 
Appendix Table 5.11: Univariate model estimating the non-genetic effect for wax percentage in 
the KRF 
Source of variation Numerator DF Denominator DF F-value P-value 
 Mean 1 103 7362.3 <.001 
 Birth Year       3 2232.2 238.9 <.001 
 Sex        1 3927.9 165.7 <.001 
 Dam Age 7 3914.9 1.4 0.21 
 Selection Line       4 143 1.3 0.27 
 Birth Type      2 3913.5 1.1 0.33 
 Date of Lambing        1 3936.2 0.3 0.58 
 Sex.Birth Year    3 3899.8 4.7 0.00 
 Selection Line.Sex   4 1423.8 3.3 0.01 
 Sex.Date of Lambing        1 3895.2 3.9 0.05 
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 Appendix Table 5.12: Univariate model estimating the non-genetic effect for dust percentage in 
the KRF 
Source of variation Numerator DF Denominator DF F-value P-value 
 Mean          1 92.7 9045.9 <.001 
 Sex         1 3932.7 989.9 <.001 
 Birth Year          3 1119.1 264.4 <.001 
 Selection Line 4 134.9 3.6 0.01 
 Date of Lambing          1 3944 2.4 0.12 
 Dam Age 7 3930.6 1.6 0.15 
 Birth Type     2 3926.2 1 0.39 
 Sex.Birth Year      3 3928.2 218.1 <.001 
 Date of Lambing.Birth Year      3 3940 4.8 0.00 
 Dam Age.Birth Year   20 3931.2 2 0.01 
 
Appendix Table 5.13: Univariate model estimating the non-genetic effect for moisture 
percentage in the KRF 
Source of variation Numerator DF Denominator DF F-value P-value 
 Mean       1 99.9 65600.4 <.001 
 Birth Year   3 1642 1807.3 <.001 
 Selection Line      4 141.6 5 <.001 
 Birth Type      2 3929.4 3.3 0.04 
 Sex        1 3942.2 2.6 0.11 
 Dam Age 7 3933.9 1.2 0.30 
 Date of Lambing        1 3956 0.5 0.47 
 Sex.Birth Year    3 3939.5 43.5 <.001 
 Date of Lambing.Birth Year   3 3953.9 4.2 0.01 
 
Appendix Table 5.14: Univariate model estimating the non-genetic effect for textural greasy 
wool handle in the AWIBSF 
Source of variation Numerator DF Denominator DF F-value P-value 
 Mean                     1 592.6 132.8 <.001 
 Sex                2 766.7 6.7 0.00 
 Birth Type          3 764.3 5.5 0.00 
 Birth Year               1 21.6 6.5 0.02 
 Dam Age 7 764.1 2.4 0.02 
 Birth Year.Sex           1 762.3 33.4 <.001 
 Birth Type.Dam Age 8 764.1 2.6 0.01 
 
Appendix Table 5.15: Univariate model estimating the non-genetic effect for yield percentage in 
the AWIBSF 
Source of variation Numerator DF Denominator DF F-value P-value 
Mean                  1 23.7 2545.9 <.001 
Birth Year               1 22.9 5.2 0.03 
Birth Type          3 769 3.5 0.02 
Dam Age           7 769.1 1.8 0.09 
Sex                2 772.2 1.8 0.17 
Birth Year.Birth Type     2 768.9 5.6 0.00 
Birth Year.Sex           1 767.3 5.7 0.02 
Birth Year.Dam Age 4 769 3.1 0.02 
 
 
Appendix Table 5.16: Univariate model estimating the non-genetic effect for suint percentage in 
the AWIBSF 
Source of variation Numerator DF Denominator DF F-value P-value 
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 Mean        1 782.7 37.6 <.001 
Dam Age             7 771.8 2.7 0.01 
Sex                2 772.9 3.5 0.03 
Birth Type          3 771.6 0.8 0.52 
Birth Year               1 18.3 0.4 0.55 
Birth Year.Sex           1 768.7 6.5 0.01 
Birth Year.Birth Type     2 771.7 4.8 0.01 
 
Appendix Table 5.17: Univariate model estimating the non-genetic effect for wax percentage in 
the AWIBSF 
Source of variation Numerator DF Denominator DF F-value P-value 
Mean               1 22.4 60.1 <.001 
Birth Year              1 22.2 8.2 0.01 
Sex               2 773.8 4.2 0.02 
Dam Age            7 772 1.2 0.29 
Birth Type         3 771.9 0.6 0.61 
Birth Year.Dam Age       4 771.7 2.7 0.03 
 
Appendix Table 5.18: Univariate model estimating the non-genetic effect for dust percentage in 
the AWIBSF 
Source of variation Numerator DF Denominator DF F-value P-value 
Mean       1 19.7 37.7 <.001 
Birth Year          1 23.6 44.5 <.001 
Sex           2 779.9 12.9 <.001 
Dam Age        7 782.4 1.2 0.31 
Birth Type     3 782.8 0.5 0.66 
Birth Year.Sex      1 780.6 24 <.001 
 
Appendix Table 5.19: Univariate model estimating the non-genetic effect for moisture 
percentage in the AWIBSF 
Source of variation Numerator DF Denominator DF F-value P-value 
 Mean        1 23.8 520.2 <.001 
 Birth Year              1 23.3 13.7 0.00 
 Sex               2 774.2 12.6 <.001 
 Dam Age            7 771.7 2.5 0.02 
 Birth Type         3 771.5 1.5 0.21 
 Birth Year.Sex          1 769.6 19 <.001 
 Birth Year.Birth Type    2 771.5 7.3 <.001 
 
104
Chapter 6. The role of staple crimp, crimp definition, 
fibre length and fibre length variation in the 
assessment of textural greasy wool handle 
Introduction: 
Results from chapter 2, “Predicting textural greasy wool handle” demonstrated the significant effect 
of wool character, or more particularly staple crimp properties, on the assessment of textural greasy 
wool handle. As such, quantifying the effect of staple crimp on the assessment of textural greasy wool 
handle is consistent with the aim of this thesis. 
Staple crimp properties such as crimp frequency, fibre alignment and wool character describe 
the uniformity, consistency and repetitive nature of the staple crimp in the wool staple bundle. As part 
of this study, it has been hypothesised that the current textural greasy wool handle assessment may 
inadvertently assess the crimp properties rather than the frictional surface and structural properties of 
the wool sample. Crimping properties of Australian Merino wool vary across sheep strains and wool 
types. It is a concern that the current textural greasy wool handle protocol may be unable to 
discriminate the different crimp features present in the Australian wool clip. This hypothesis was 
proposed due to the consistent correlation expressed between wool character and textural greasy wool 
handle (Detailed in chapter 6, (Table 6.1). 
The question “Is it possible to isolate the surface and structural properties of the wool staple 
from the natural peaks and troughs of the staple crimp?” is examined. The two figures below 
demonstrate the current hypothesis and basis for the research in the following chapter. Figure 6.1 
shows a consistent sine wave of wool fibres in the wool staple. In this circumstance, all fibres within 
the wool staple are in-synchronicity and the crimp’s peaks and troughs show some consistency. This 
would represent wool with more defined fibre alignment and is hypothesised to feel softer due to this 
alignment. In comparison, Figure 6.2 illustrates a sample where the peaks and troughs of the various 
wool fibres are out of synchronicity creating an inconsistent wave pattern within the wool staple. It is 
hypothesised that this arrangement of the variable sine wave or crimping pattern in the wool staple is 




 Figure 6 1. Consistent, uniform alignment of fibres within   a wool staple showing a sine wave 
crimping pattern. 
 
Figure 6.2. Inconsistent, and irregular alignment of fibre within a wool staple showing a poor 
crimping pattern.  
(Note: diagram simplifies the crimping nature in a wool staple. Diagram is there to demonstrate a 
point.) 
If this hypothesis is proven correct, it would help to quantify another variable that affects the 
assessor’s ability to assess greasy samples on-farm for textural wool handle. The results presented in 
this chapter will determine the next succession of work and will assist in the development of an 
accurate assessment tool. 
Previous findings have highlighted particular traits that impact textural greasy wool handle 
(fibre diameter, fibre diameter distribution, resistance to compression, fibre curvature, wool 
character). For this study, it was decided to restrict the range of these traits to minimise their variation 
so these traits do not mask the effect of crimp properties which were studied. 
Wool samples from the Information Nucleus Flock project were used as this dataset measured 
all the major traits shown to be important in wool production and also provided a large variety of 
sires. The results will provide greater clarity around what factors affect the assessment of textural 
greasy wool handle. It will either validate the current protocol or propose changes to create a non-
biased partial assessment for textural greasy wool handle and account for the different crimping 
properties in the Australian wool industry. 
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The role of staple crimp, wool character, fibre length and fibre length variation in the 
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Abstract 
The relationship between crimp properties such as mean fibre alignment and distribution of 
fibre length and textural greasy wool handle were examined. The effect of staple crimp on 
compressional handle is well-documented, however recent studies indicate certain crimp 
properties may also affect textural greasy wool handle. The hypothesis was that the 
assessment of textural greasy wool handle indirectly assesses the alignment of fibres within a 
wool staple, rather than assessing the surface and structural features of the wool. A collection 
of wool samples were taken from the Sheep CRC Information Nucleus flock archives. 
Samples were meticulously selected for this project. Variation in fibre attributes that have a 
documented effect on textural greasy wool handle such as fibre diameter, fibre diameter 
standard deviation, fibre diameter co-efficient of variation, resistance to compression, fibre 
curvature and wool character were minimised to limit these properties overriding the effect of 
crimp properties of interest. Analysis was conducted in two ways. Samples were grouped into 
textural greasy wool handle grades 1 to 4 and then they were analysed again through 
concatenation into two textural greasy wool handle grades (soft vs harsh). Results showed 
there was no significant difference for mean fibre alignment, mean fibre alignment 
distribution, mean fibre length or mean fibre length distribution when textural greasy wool 
handle samples were graded from 1 to4 (P>0.05). Using a dataset restricted to wool with 
character score of 2, similar results were shown when samples were also graded as soft or 
harsh textural greasy wool handle grade, except there was a significant effect of mean fibre 
alignment standard deviation (P=0.02). This indicated that softer handling wool had greater 
variability in fibre alignment. Mean fibre length and mean fibre length distribution had no 
significant effect. Further work should include the remaining wool character grades. 
Introduction 
Staple crimp describes the wavy growth pattern that is present along the wool staple. It is 
produced by the consistency in individual fibre crimp that is in a state of constant strain 
(Ryder and Stephenson 1968; Wood 2003). Due to the closeness of the wool fibres and 
107
adhesions between the fibres both within the staple and at the staple tip, associated with the 
presence of suint, skin pieces and wool wax, the fibres are temporarily set and conformed to 
make a consistent staple crimp (Woods 1935; Goldsworthy and Lang 1954). The greater the 
density of fibres within the staples of Merino wool, the more uniform and sinusoidal the 
staple structure (Balasubramaniam and Whiteley 1964; Nay and Hayman 1969). 
In Merinos, staple crimp frequency and wool character are two attributes that contribute to 
the style of wool (Humphries and Jackson 1996). Staple crimp frequency measures the 
number of crimps/unit length, while wool character (or sometimes called staple crimp 
definition) is a visual subjective assessment of uniformity and consistency of crimp along and 
across wool staples (Australian Wool Innovation Meat Livestock Australia 2013). Wool 
character and frequency are key components of wool style (Hansford 1996; Humphries and 
Jackson 1996; Swan et al. 1997) and are incorporated into Merino breeding programs (Butler 
et al. 1995; Brown et al. 2002). These staple crimp properties can be objectively measured 
using fibre curvature measurements (Swan 1993; Humphries and Jackson 1996). 
Handle properties of fabric have been demonstrated to influence consumer buying 
preferences (Australian Wool Innovation 2008). There are some raw fibre attributes such as 
greasy wool handle, fibre diameter, fibre diameter variability and fibre curvature that can be 
altered on-farm to improve the processing performance of the fibre and ultimately fabric 
appeal (Preston et al. 2015). Therefore, it is not surprising that wool producers pay special 
attention to these fibre attributes to increase the returns from their sheep enterprise (Love et 
al. 1987; Butler et al. 1995). Greasy wool handle has been demonstrated to be affected by 
staple crimp properties (Van Wyk 1946; Ali et al. 1971; Shah and Whiteley 1971; Preston et 
al. 2013) so a greater understanding of how greasy wool handle interacts with staple crimp is 
important to wool producers, scientists and wool buyers. 
Staple crimp frequency and wool character have a moderate to high positive phenotypic 
correlation with textural greasy wool handle (Table 6.1). This phenotypic relationship 
indicates that as staple wool character increases in uniformity, consistency and crimp 
frequency increases, the wool becomes softer. However, the magnitude of the relationship 
varies between studies. This could be influenced by a myriad of factors such as how greasy 
wool handle was assessed in each study (i.e. textural or compressional handle) or the 
characteristics of the flock selected (i.e. bloodline, variation within flock, breed and 
environment in which the wool was grown). Even in studies which make a special effort to 
only evaluate the textural handle components of the wool (Preston et al. 2013), crimp features 
still have a pronounced effect on textural greasy wool handle. At present, there is no 
explanation for this relationship between wool character and textural greasy wool handle. 
Staple crimp has been recently been demonstrated to have some effect on textural handle, 
however what specific crimp properties have the most effect is unknown (Preston et al. 2013). 
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Table 6.1. Phenotypic correlations between greasy wool handle and measures of Merino 
wool character, crimp frequency and fibre curvature. 








(Morley 1955) 759 1 0.38±NR - - 
(Mullaney et al. 1970) 1,050 1
#
 0.60±NR 0.31±NR - 
(James et al. 1990) 803 1 0.33±NR - - 
(Lax et al. 1995) 2,535 11 0.20±NR - - 
(Swan et al. 1997) 5,100 11 0.22±NR - - 
(Hatcher and Atkins 2000) 3,216 12 - - 0.32±0.02 
(Brown et al. 2002) NR* 1 - 0.32±0.04 - 
(Robinson et al. 2007) 7,796 11 0.15±0.03 - - 
(Mortimer et al. 2009) 18,193 NR 0.10±0.01 - - 
      
*NR=Not reported. 
The relationship between staple crimp frequency, wool character and textural greasy wool 
handle is further complicated by the fact that once removed from the wool staple, each fibre 
behaves differently (Woods 1935) and evokes its own fibre crimp as it is removed from its 
“state of strain”. Differences in crimp forms are evident within the staple crimp (Goldsworthy 
and Lang 1954), due to fibres growing at different rates, and as crimping is time dependent; 
different fibre crimps are formed (Norris and van Rensburg 1930). These crimp forms vary 
from sinusoidal to helical but many intermediate forms are observed (Balasubramaniam and 
Whiteley 1964). As such, some assessed staple crimp properties are modified through textile 
processing. However, as crimp properties are prominent in unprocessed wool it is important 
to measure these crimp properties as they are likely to account for some of the variation 
between textural greasy wool handle and clean fabric handle. 
Fibre crimp is caused predominantly by asymmetric cell division in fibre growing skin 
follicles below the skin surface that are highly curved. Crimp is then modulated by the point 
at which keratinisation is completed. This means that even highly asymmetric follicles may 
produce a straight fibre if keratinisation is sufficiently delayed, as is the case in deficiencies 
of zinc and copper, or when keratinisation is perturbed by transgenesis (Hynd et al. 2009). 
Fibre crimp frequency and fibre curvature are strongly associated with the compressional 
properties of greasy wool handle (Slinger 1965; Whiteley et al. 1986; Madeley et al. 1998) 
and affect objectively measured superfine wool fabric compressibility, suppleness, thickness, 
mass per unit area, air permeability, resistance to pilling, change in appearance, hygral 
109
expansion, relaxation shrinkage, fabric handle attributes (McGregor and Postle 2008, 2009; 
McGregor and Naebe 2016) and feltability (McGregor and Schlink 2014). 
In the past, fibre crimp frequency and staple crimp properties have been viewed as having 
minimal effect on the textural components of greasy wool handle (Stevens 1994). However, 
this position is not supported by recent research (Preston et al. 2013). This recent study 
speculated that the relationship observed between crimp properties and textural greasy wool 
handle is not due to specific fibre attributes per se, but a confounding effect due to the method 
of the assessment of textural greasy wool handle. Textural greasy wool handle assesses the 
softness of the staple by stroking the wool staple in a particular direction and assigning a 
discrete score based on the friction perceived. Preston et al. (2013) further speculated that 
wool with superior wool character has a favourable correlation with textural handle due to the 
alignment of fibres in the staple, rather than the fibres having a smoother surface and structure 
characteristics as suggested by (Hansford 1996). Overall, the relationship between crimp 
frequency and textural greasy wool handle is not well documented, but may provide a basis 
for the variation in the magnitude of the reported correlations between associative crimp 
factors and textural greasy wool handle (Table 6.1). 
As there are discrepancies in the literature regarding how crimp properties affect the 
assessment of textural greasy wool handle, this study aims to better understand these 
interactions and the role that fibre length and fibre alignment play. The preliminary 
hypothesis was that fibre alignment and fibre length variables are associated with the same 
crimp property. Fibre alignment is a subjective assessment of the basic wool staple crimp 
wave. While, wool staples that have poor fibre alignment and variable staple crimp form; are 
samples which have a wider variation in fibre length. It was hypothesised that: 
1. Difference in handle grades is due to differences in fibre crimp alignment. 
2. Difference in handle grades is due to variation in fibre length. 
3. Mean fibre alignment is assessing the same fibre property as mean fibre length 
4. The inclusion of fibre length and fibre alignment will account for significant amounts 
of variation in textural greasy wool handle. 
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Materials and Methods 
The samples used in this study were produced as part of the Co-operative Research Centre for 
Sheep Industry Innovation (Sheep CRC), Information Nucleus flock (INF). The INF 
comprised of eight flocks located in the major wool growing areas of Australia (Figure 6.1). 
One of the aims of the INF was to estimate the genetic parameters for a range of sheep 
production traits in a diverse range of environments (Fogarty et al. 2007; van der Werf et al. 
2010). 
 
Figure 6.1. INF site locations (source: Sheep CRC). 
The University of New England (Armidale IN01), NSW Department of Primary Industries 
(Trangie IN02, Cowra IN03), Agriculture Victoria (Rutherglen IN04, Hamilton IN05), South 
Australian Research and Development Institute (Struan IN06, Turretfield IN07) and 
Department of Agriculture and Forestry Western Australia (Katanning IN08) all contributed a 
1000 breeding ewes to be part of an artificial insemination program. This either was 
conducted at one site or shared between the two sites within their state. The project selected 
industry sires for use at each site. The program selected sires based on the following 
credentials (Fogarty et al. 2007). 
 High genetic merit for commonly measured production traits but with genetic 
variation in other production traits 
 An extensive selection of sires from different bloodlines and strains 
 Genetic linkage to Sheep Genetics program MERINOSELECT®. 
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In each instance, the ewe base flock at each site was pure Merino. Each site had varying 
strains of Merinos depending on the source of existing base flock ewes. The eight flocks were 
linked in the project through the use of common sires between sites and also between years. 
The INF also included other sheep breeds such as the Dohne Merino, South African Meat 
Merino (SAMMs), Border Leicesters and Coopworths but these were excluded from this 
analysis. 
Ewes were lambed in small lambing paddocks and in most instances, a lambing drift was 
used. Lambing rounds were conducted within 24 hours of birth to assign pedigree. Data was 
collected on a variety of traits from birth up to 3 years of age. Performance on key production 
traits such as lamb survival, structural conformation, wool production/quality, meat 
production/quality and animal behaviour were recorded. Male offspring were castrated at 
lamb marking. The Merino progeny were all run in a single management group at each site. 
Prior to their first shearing (10-13 months), the Merino progeny were evaluated for a range of 
fleece quality traits using the accepted industry standard for visual sheep scores (Australian 
Wool Innovation Meat Livestock Australia 2013). This included traits such as fleece rot, dust 
penetration, greasy wool colour, staple structure, staple weathering and wool character. The 
scoring was conducted according to the standard procedures using a five-point scoring system 
with high scores representing the least desirable expression of the trait. Additionally, textural 
greasy wool handle was assessed. The procedure for the assessment of wool character and 
textural greasy wool handle is outlined below. 
Wool character assessment 
Wool character is an assessment of staple crimp regularity and uniformity (Figure 6.2). It is 
not an assessment of crimp frequency as wool can have a uniform crimp with either high or 
low crimp frequencies. A high wool character score represents samples, that were shown to 
have undefined and irregular crimping patterns (Figure 6.2, score 5), while a lower score 
represented a sample with a uniform and consistent crimp (Figure 6.2, score 1). 
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 Figure 6.2. Industry standard assessment system for wool character (Australian Wool 
Innovation Meat Livestock Australia 2013). 
Textural greasy wool handle 
Textural greasy wool handle assessment is a tactile evaluation, undertaken by a trained 
assessor. The protocol for assessing textural greasy wool handle was given to each INF site 
for their consideration (Casey and Cousins 2010). Each site was responsible for the 
assessment. Extensive consultation was made by researchers to assure consistency between 
sites. The protocol instructed the assessor to locate the mid-side of the sheep and part the 
wool without causing entanglement of the fibres. The assessor was instructed to select a wool 
staple that had minimal environmental damage (not covered in dust, severely weathered or 
showing later stages of fleece rot). The staple was to be stroked from base to tip and allocated 
a 1-5 score based on the friction felt. Harsher handling wool was assigned a higher score (5), 
while a soft handling wool was assigned a lower score (1). 
Sampling, storing and further measurement of wool mid-sides 
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Following the assessment of the list of subjective wool quality traits, a 75 gram sample was 
collected prior to shearing from the right and left mid-side positions. One mid-side was sent 
to Australian Wool Testing Authority (AWTA) for objective testing of wool quality traits; 
with the second sample being sealed and stored as part of the development of wool archives 
from the project. 
Samples sent to AWTA were measured for fibre diameter (FD), fibre diameter standard 
deviation (FDSD), fibre diameter co-efficient of variation (FDCV) and fibre curvature 
(CURV) using the Sirolan Laserscan (IWTO-12-2009). Resistance to compression (RTOC) 
was measured according to the Australian standard (Standards Australia 2004). Clean 
washing yield (Yield) was calculated based on a weighing before and after washing in 
detergent and hot water and drying at 105 °C with a regain of 16% (IWTO-19-2009). 
Sample selection 
To evaluate the potential effects of variation in mean fibre alignment and mean fibre length 
variation, samples were drawn from the INF wool archive, which had collected over 6,000 
Merino mid-side wool samples and was linked to the database with the full suite of assessed 
and objectively measured wool quality and production traits. For this study, a cohort of these 
INF samples were selected that showed no significant difference in fibre attributes known to 
affect textural greasy wool handle but still showed the 1-5 textural greasy wool handle grades. 
These traits where variation was controlled are listed in Table 6.2. 
In this instance, wool character was kept constant to determine the relationship within a 
particular crimp form. This limited the investigation but was able to provide preliminary 
results in achievable timeframes, as fibre alignment and fibre length measurement are tedious 
and require extensive time to complete. 
The fibre specifications chosen for this study, were based on those used for wool destined 
for the next-to-skin market and are commonly produced by medium/fine wool types. This 
would increase the relevance of the investigation to industry and allow for greater choice of 
samples within the INF wool archives. However, from the 6000 samples, only 2.8% met the 
required fibre specifications. The mean, range and variation in fibre properties of suitable 
samples are provided Table 6.2. 
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Table 6.2. Fibre properties controlled within the study. 
Trait Average
# 
Range Co-efficient of 
variation (%) Min Max 
Mean fibre diameter (µm) 16.4 16.1 16.9 1.83 
Fibre diameter standard deviation (µm) 2.8 2.5 3.0 4.56 
Fibre diameter co-efficient of variation (%) 17.0 15.5 18.2 4.21 
Resistance to compression (kPa) 6 6 7 7.0 
Mean fibre curvature (º/mm) 54 49 60 4.7 
Wool character (1-5) 2 2 2 0 
#Each trait’s raw data was reported with different levels of significant figures. Therefore each trait has a different number of significant figures 
to best describe the sensitivity of each measurement or assessment.  
Sub-sampling of mid-side samples 
From the selected mid-side samples, three representative wool staples were taken. Wool 
staples that were heavily dusted, weathered or showed evidence of fleece rot were avoided. 
The three wool staples were then placed in individual bags, and sealed from moisture and 
sunlight until assessed. 
Sample grouping for study 1 
Nine, fourteen, ten and seven samples were collected from the 1-4 textural greasy wool 
handle grades. As there were insufficient samples in textural greasy wool handle 5, it was 
removed from the analysis. In the selection of samples, factors such as site, year of birth and 
sire type were recorded for later analysis and are described in Table 6.3. Samples meeting the 
requirements were only present in six of the eight participating flocks. The quantity and 
descriptor for year, site and sire type are listed in Table 6.3. 
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Table 6.3 A list of factors and origins of the samples in the analysis. 
Factor Descriptor Quantity 
Year of 
birth 
2007 Sample from a sheep born in 2007 collected in 2008 2 
2008 Sample from a sheep born in 2008 collected in 2009 15 
2009 Sample from a sheep born in 2009 collected in 2010 18 
2010 Sample from a sheep born in 2010 collected in 2011 5 
Flock IN01 Armidale New South Wales (30.5ºS, 151.7ºE) 3 
IN02 Trangie New South Wales (32.1 ºS, 148.0 ºE) 4 
IN03 Cowra New South Wales (33.8 ºS, 148.7 ºE) 7 
IN05 Hamilton Victoria (37.7 ºS, 142.0 ºE) 7 
IN07 Turretfield South Australia (34.6 ºS, 138.8 ºE) 7 
IN08 Katanning Western Australia (33.7 ºS, 117.6 ºE) 12 
Sire type Fine Bloodlines from Australia sires recognised as traditional fine 
wool sires 
8 
Medium Bloodlines from Australia sires recognised as traditional 
medium wool sires 
20 
Strong Bloodlines from Australia sires recognised as traditional 
strong wool sires 
12 
Table 6.4 describes the mean, degrees of freedom (DF), significance (Analysis of variance P-
value) and standard error of difference (SED) of fibre attributes that were controlled or just 
recorded and the average in each of the four handle grades. 
Table 6.4. The mean value for the explantory variables across the four handle grades. 
Trait 
Handle grade DF P value SED* 
1 2 3 4 
FD (µm) 16.4 16.4 16.5 16.4 3, 36 0.99 0.14 
FDSD (µm) 2.8 2.8 2.8 2.8 3, 36 0.11 2.82 
FDCV (%) 22.1 22.1 19.0 24.3 3, 36 0.35 2.73 
RTOC (Kpa) 6.6 6.7 6.8 6.6 3, 36 0.66 0.22 
CURV(º/mm) 55.4 53.9 52.8 55.3 3, 36 0.09 1.13 
Crimp frequency (crimps/inch) 10.3 10.0 10.4 11.1 3, 36 0.10 0.40 
Traits not controlled in study 
Staple structure score (1-5) 2.1 1.7 2.9 3.0 3, 36 <0.001 0.25 
Greasy wool colour score (1-5) 1.3 2.5 2.3 2.3 3, 36 <0.001 0.25 
Dust penetration score (1-5) 3.2 4.1 2.8 2.6 3, 36 0.002 0.42 
Greasy fleece weight (kg) 3.5 5.0 3.8 3.4 3, 36 <0.001 0.40 
Clean fleece weight (kg) 2.6 3.6 2.4 2.4 3, 36 <0.001 0.28 
Yield (%) 73.3 71.2 64.9 69.5 3, 36 0.02 2.61 
Staple length (mm) 102.2 77.9 94.9 86.6 3, 36 <0.001 4.59 




Study 2 Concatenation in soft vs harsh textural greasy wool handle grades 
The samples used in Study 1 were then re-arranged into two textural greasy wool handle 
grades described as either soft or harsh. Samples that were originally designated a textural 
greasy wool handle grade of 1 or 2 were allocated a soft textural greasy wool handle grade, 
while samples originally allocated a grade of 3 or 4 were allocated a harsh textural greasy 
wool handle grade. There were no significant differences between the two textural greasy 
wool handle grades from the controlled traits (Table 6.5). 
Table 6.5. The average score of explanatory variables across the two handle grades in 
Study 2. 







Traits controlled in study 
FD (µm) 16.4 16.4 1, 38 0.98 0.10 
FDSD (µm) 2.8 2.8 1, 38 0.76 0.04 
FDCV (%) 17.1 17.0 1, 38 0.75 0.23 
RTOC (Kpa) 6.7 6.7 1, 38 0.73 0.15 
CURV (º/mm) 54.5 53.8 1, 38 0.41 0.83 
Crimp frequency (crimps/inch) 10.1 10.7 1, 38 0.05 0.28 
Traits not controlled in study 
Staple structure score (1-5) 1.87 2.94 1,38 <0.001 0.18 
Greasy wool colour score (1-5) 2.04 2.29 1,38 0.27 0.22 
Dust penetration score (1-5) 3.74 2.71 1,38 0.002 0.30 
Yield (%) 72.0 66.8 1, 38 0.01 1.85 
Greasy fleece weight (kg) 4.4 3.6 1, 38 0.02 0.33 
Clean fleece weight (kg) 2.4 3.2 1, 38 0.00 0.22 
Staple length (mm) 91.5 87.4 1, 38 0.36 4.38 
*SED: standard error of difference. 
Fibre alignment measurement 
Mean fibre alignment (MFA) was assessed on each of the three wool staples per selected mid-
side sample, using an Olympus BX55 optical microscope (Shinjuku Tokyo Japan) and 
Olympus colour view III colour camera under 20 x magnification. Samples were carefully 
placed on the microscope slide and brought into focus. Three images were taken of each wool 
staple at approximately the base, middle and tip. The degree of MFA was assessed using a 1-5 
subjective scoring protocol developed for this study. A manipulated version is presented in 
Figure 6.3. A score 1 represented a wool staple, that had a consistent crimp wave and highly 
aligned fibres; while a score 5 represented a staple that had no consistent crimp wave with 
fibres orientated in many directions. Each staple was assessed on this scale and an average 
score was calculated from the nine images for each sample and defined as the mean fibre 
alignment. Mean fibre alignment standard deviation (MFASD) and mean fibre alignment co-
efficient of variation (MFACV) were calculated from the distribution of scores from the nine 
images. 
Figure 6.3. Fibre alignment assessment protocol. 
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Subjective assessment of fibre alignment 
Image Score 
 
1. Fibres are shown to be highly 
aligned. All fibres are shown to go in 
same direction. Wave is visibly seen. 
 
2. Fibres are shown to be moderately 
aligned. Majority of fibres and 
aligned in a particular direction. A 
wave is clearly seen.  
 
3. Fibres are shown to be marginally 
aligned. Some fibres are pointed in 
the same direction. A wave is still 
visible.    
 
4. Most fibres are shown to go in 
different directions. There is little 
sign of the wave. 
 
5.  Little to no alignment of fibres. 
Fibres are directed in all angles. 
There is no consistent wave visible. 
 
Fibre length measurement 
Samples were scoured in solvent solution described by (Fish 2012). A solution of Ethanol 
(Chem Supply Gillman, South Australia, Australia) and Teric G12A4 (Huntsman Corporation 
(Brooklyn, Victoria, Australia) in a concentration of 9:1 was used to remove dirt and grease. 
Ten wool staples were delicately placed in one litre of clean solution and allowed to soak for 
ten minutes. Alligator clips were placed on the base of each wool staple to prevent staple 
disintegration during scouring. Each staple was lightly patted with absorbent paper towel to 
help remove any particles lodged between the fibres. The wool fibres were then rinsed in a 
bath of pure ethanol. The clean wool staples were then air dried on absorbent paper in a 
ventilated fume cupboard for 12 hours. Dried wool staples were stored in plastic sleeves. 
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Following scouring, mean fibre length (MFL) was measured in one of the three wool 
staples due to the time-consuming process. The selection of this staple was random. The 
selected wool staple was placed on a black velvet mat. Using two tweezers, single wool fibres 
were delicately cleaved away from the wool staple mass. Each fibre removed from the wool 
staple was then straightened and pulled tightly along a ruler until the individual crimp was 
removed and the length was measured to the nearest 5 mm. For each staple, 500 single fibres 
were measured. The mean fibre length (MFL) was calculated as was the mean fibre length 
standard deviation (MFLSD) and the mean fibre length coefficient of variation (MFLCV). 
Statistical Analysis 
Analysis of variance was conducted to estimate the average, variance and significance of each 
fibre alignment and fibre length traits (mean and distribution) within each textural greasy 
wool handle grade. This was conducted for both studies (1 and 2). 
A regression analysis was used to estimate the percentage of variation accounted by 
environmental factors and response terms. This was only conducted when grouping textural 
handle grades as 1-4. Factors such as flock, year of birth and sire type were added to estimate 
their effect on the model and the amount of variation they account for. Response, factors and 
additional uncontrolled traits that were significant were used in the analysis. Significant terms 
in each of the models and the percentage of variation accounted for in each of the different 
models was determined. The analysis was only completed on data organised into their 
original 1-4 textural greasy wool handle grades. 
A stepwise paired correlation co-efficient (r) was used to estimate the relationship between 
textural greasy wool handle and terms associated with fibre alignment and fibre length. The 
analysis was only completed on data organised as in study 1 (1-4 textural greasy wool handle 
grades). 
Results 
Study 1. Analysis of four textural greasy wool handle grades 
Analysis of variance for the fibre alignment and fibre length variables are provided in Table 
6.6. MFA varied from 2.58 to 3.03 units. There was no significant trend for MFA to become 
less aligned as textural greasy wool handle became harsher (P=0.36) (Table 6.6). MFASD and 
MFACV were not significantly different between the textural handle grades (P=0.10, P=0.31 
respectively). Results show a large difference between the textural greasy wool handle grades, 
but due to the given SED, results were not significant (see appendix for analysis of variance 
output). 
MFL varied across the four textural handle grades with the MFL deviating by 34.2 mm 
between Handle Grades 1 and 4 (P<0.001), which had the highest and lowest mean fibre 
length. Even though MFL was significantly different between textural handle grades, there 
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was no clear trend across the different textural greasy wool handle grades. Both MFLSD and 
MFLCV did not significantly differ between the textural greasy wool handle grades (P >0.05). 
Table 6.6. The mean value for the explanatory variables across the four handle grades. 
Trait 
Textural greasy wool handle grade Degree of 
feedom 
P value SED* 
1 2 3 4 
MFA 2.6 2.8 2.7 3.0 3,36 0.36 0.23 
MFASD 0.6 0.7 0.4 0.6 3,36 0.10 0.11 
MFACV 25.2 25.1 17.2 20.0 3,36 0.31 5.25 
MFL 112.4 87.8 96.2 78.2 3,36 <0.001 7.48 
MFLSD 24.6 19.3 18.1 19.0 3,36 0.11 2.82 
MFLCV 22.1 22.1 19.0 24.3 3,36 0.35 2.73 
*SED: standard error of difference. 
Study 2. Analysis of soft and harsh textural greasy wool handle grades: 
MFA was not significantly affected by textural greasy wool handle (P=0.30) (Table 6.7). 
MFACV was not affected by the two handle grades (P=0.64). However, MFASD was 
significantly different (P=0.02), with softer handling wool having greater variability in MFA 
compared with harsher handling wool. 
There was no significant difference between the two textural greasy wool handle 
grades for MFL, MFLSD and MFLCV (P>0.05). 
Table 6.7. The mean value for the measured variables for soft or harsh textural greasy 
wool handle grade 
Trait 
Handle grade Degree of 
freedom 
P value SED 
Soft Harsh 
MFA 2.7 2.9 1,38 0.30 0.16 
MFASD 0.7 0.5 1,38 0.02 0.07 
MFACV 25.1 18.4 1,38 0.07 3.56 
MFL 88.8 97.4 1,38 0.17 6.17 
MFLSD 21.4 18.4 1,38 0.15 2.02 
MFLCV 22.1 21.2 1,38 0.64 1.93 
*SED: standard error of difference. 
Regression analysis of four textural greasy wool handle grades 
Flock was shown to account for the most variation in the analysis (Table 6.8). When only 
flock was modelled, it accounted for 69.2% of the variation (Table 6.8, model 1).Other factors 
that were significant when modelled such as year of birth with flock accounted for 72.8% of 
the variation (model 4). Siretype was shown not to be a significant term in the model (model 
3). Response variables such as MFA, MFASD, MFACV, MFL, MFLSD or MFLCV were 
also shown not to be significant nor account for additional variation. Other fibre attributes 
measured as part of the INF but not controlled in the study, showed that dust penetration was 
significant and with the inclusion of flock and year of birth, accounted for 81.3% of the 
variation (model 14). The model that included all significant terms and accounted for the most 
variation was: 
Textural Greasy Wool Handle = Constant + Flock + Dust + Dust
2
 + Year of birth 
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Table 6.8. Regression models of textural greasy wool handle with the inclusion of response variables and factors. 1 
Model Model DF 
Sum of squares Means square Textural 
Handle    
(P value) 




Model Residual Model Residual 
1 Constant + Flock 34, 5 30.28 11.10 6.06 0.32 <0.001 
Flock    
69.2 
<0.001    
2 Constant + Year of birth 36, 3 22.43 18.94 7.48 0.53 <0.001 
Year of birth    
50.4 
<0.001    
3 Constant + Sire type 38,1 0.11 41.26 0.12 1.09 0.75 
Sire type    Nil 
0.56     
4 
Constant + Flock + Year 
of birth 
31,8 32.44 8.94 4.06 0.29 <0.001 
Flock Year of birth   
72.8 
<0.001 0.08   
6 Constant + Flock + MFA 33,6 30.29 11.08 5.05 0.34 <0.001 
Flock MFA   
68.3 
<0.001 0.85   
7 
Constant + Flock + 
MFASD 
33,6 30.81 10.57 5.13 0.32 <0.001 
Flock MFASD   
69.8 
<0.001 0.21   
8 
Constant + Flock + 
MFACV 
33,6 30.82 10.55 5.14 0.32 <0.001 
Flock MFACV   
69.9 
<0.001 0.20   
9 Constant + Flock+ MFL 33,6 30.55 10.83 5.09 0.33 <0.001 
Flock MFL   
69.1 
<0.001 0.37   
10 
Constant + Flock + 
MFLSD 
33,6 30.48 10.90 5.08 0.33 <0.001 
Flock MFLSD   
68.9 
<0.001 0.45   
11 
Constant + Flock + 
MFLCV 
33,6 30.29 11.09 5.05 0.34 <0.001 
Flock FLCV   
68.3 
<0.001 0.87   
12 Constant + Flock + Dust 33,6 32.31 9.06 5.39 0.28 <0.001 
Flock Dust   
74.1 
<0.001 0.01   
13 









<0.001 0.01 0.04  
14 
Constant + Flock + Dust 
+ Dust
2
 + Year of birth 
29,10 35.62 5.76 3.56 0.20 <0.001 
Flock Dust Dust
2
 Year of birth 
81.3 
<0.001 0.003 0.02 0.03 
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Individual effect of each of the terms were then further analysed and presented inTable 6.9. 
Table 6.9. Regression coefficients for individual variates in the best model for textural 
greasy wool handle score. 
Variates
* 
 Estimate (se) 







Dust  1.96(0.58) 
Dust
2
  -0.25(0.09) 




*Estimates are the deviations from the constant for reference level, Flock:IN08, Year of 
birth: 2008 
Results showed Flocks IN01, IN02, IN03, IN05 and IN07 were all significantly softer 
compared with the reference year 2008 and site IN08. An increase in dust penetration score of 
1 unit was shown to increase the textural greasy wool handle score by approximately 2 units. 
Similarly for year of birth, 2007 and 2010 were almost a full textural greasy wool handle 
score softer than 2008, while 2009 was half a score softer. 
Correlation between textural greasy handle and response variables: 
Correlations between textural greasy wool handle and the response variables are presented in 
Table 6.10. MFA, MFASD and MFACV were lowly correlated with textural greasy wool 
handle (r <0.30). MFL had the strongest relationship with textural greasy wool handle (r = -
0.46), while MFLSD was moderately negatively correlated with textural greasy wool handle. 
There was a negligible correlation with MFLCV. 
Table 6.10. Correlation co-efficient of measured trait with textural greasy wool handle. 







Correlation between fibre alignment properties and fibre length properties 
A summary of the relationships between MFL and MFA are provided in Table 6.11. MFA 
was shown to have a moderate relationship with MFLCV (r=0.35), indicating that as MFA 
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increases, the variability in mean fibre length also increases. MFA was moderately negatively 
correlated with MFL (r= -0.41). All other correlations with MFA were weak, with the 
exception of a negative correlation between MFASD and MFACV (r= 0.57). MFL showed a 
weak relationship with mean fibre alignment distribution scores (r<0.16). As expected 
MFLSD and MFLCV were highly correlated (r=0.78). 
Table 6.11. Correlation co-efficient between mean fibre alignment properties and mean 
fibre length properties. 
MFL MFL      
MFLSD 0.44 MFLSD     
MFLCV -0.20 0.78 MFLCV    
MFA -0.41 0.06 0.35 MFA   
MFASD -0.06 0.17 0.23 -0.21 MFASD  
MFACV 0.15 0.12 0.04 -0.57 0.90 MFACV 
 
Discussion 
Measured differences in crimp  properties and relationship with textural greasy wool handle 
Hypothesis 1 and 2 were to determine the relationship between textural greasy wool handle 
and MFA, MFLCV or MFLSD. The results did not detect any significant effect for the 
alignment of wool fibres in a wool staple across different textural greasy wool handle grades 
and suggest the difference is due to other fibre properties. The results did demonstrate the 
difficulty in undertaking the assessment of MFA. As the assessment requires manual 
focussing of the microscope and subjective assessment; a more automated system of 
assessment, such as computer aided image analysis may be better able to quantify the 
variation within staples in regard to fibre alignment. 
Correlation between crimp properties 
Hypothesis 3 was to determine if MFA was related to MFLSD or MFLCV. A correlation co-
efficient showed a moderate relationship between MFA and MFLCV (r=0.35), but a 
negligible correlation with MFLSD (r=0.06). There was a moderate negative relationship 
between MFA and MFL (r=-0.41), indicating wool staples with less aligned fibres have a 
longer MFL. All other correlations with MFA were weak or negligible. Other correlations 
involving traits descibing similar properties such as mean fibre length variability or mean 
fibre alignment variability (i.e. MFASD, MFACV or MFLSD, MFLCV) were highly 
correlated. The small correlation between MFA and MFLCV indicates that MFA and 
MFLCV relate to different fibre properties. 
Prediction of textural greasy wool handle from regression modelling 
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Hypothesis 4 was to determine if the inclusion of MFA or MFL traits could account for 
greater variation in textural greasy wool handle (Table 6.8). Factors such as flock and year of 
birth accounted for approximately 73% of the variation. The only other term that proved to be 
significant was the assessment of dust penetration. Other terms such as the traits controlled in 
the study (FD, FDSD, FDCV, RTOC and CURV) were not modelled, the  aim was to 
minimise the effect of these fibre attributes to prevent them from overshadowing the staple 
crimp properties. 
The response terms associated with MFA and MFL accounted for very little variation 
and in most circumstances were not significant. This demonstrated their inability to explain 
the basis of the relationship between wool character and textural greasy wool handle. The 
relationship between the response traits and textural greasy wool handle was low or moderate. 
Textural greasy wool handle showed a moderate negative relationship with MFL (r= -0.46) 
and low positive relationship with MFA (r=0.26). The greater response for MFL may have 
been attributed due to the greater variation in MFL compared with MFA. There was a 
significant decrease in MFL between textural greasy wool handle grade 1 and 4, which is a 
reflection of the mean staple length of each textural greasy wool handle grades (Table 6.4). 
MFLSD showed the same directional response but had a weaker correlation coefficient (r=-
0.30) to textural greasy wool handle. Textural greasy wool handle and MFLCV showed 
almost no association (r=0.02), while correlations between MFASD (r=-0.24) and MFACV 
(r=-0.23) were low. In the conditions of the present study MFL and MFA were poorly 
associated with textural greasy wool handle and did not account for the observed variation in 
textural greasy wool handle. 
The importance of the textural greasy wool handle assessment and  accuracy of the estimation 
The original classification of each mid-side sample into a textural handle grade was 
completed on-farm at the INF site. Every effort was made on-site to develop a scoring 
protocol that was able to separate notable differences in textural greasy wool handle. A 
detailed scoring system was formulated, a common assessment site assigned and assessors 
were consulted on what factors the assessment was aiming to isolate. However, the ability to 
provide an accurate and precise score can vary between assessors (Preston et al. 2013; Preston 
et al. 2016). Significant differences in scorer repeatability can be observed between 
experienced assessors let alone novice assessors. Preston et al. (2016) identified means to 
isolate and eliminate some factors that can cause assessor error. These include differences in 
the state of assessment (on-animal vs loose) and the presence of non-wool constituents in the 
sheep’s wool (greasy vs clean). Removing and cleaning wool samples incur greater resources 
and time, but maybe considered if textural greasy wool handle is a primary trait in a breeding 
program. Other scenarios such as the use of multiple assessors may improve scorer 
repeatability and would provide an average textural greasy wool handle grade for each 
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sample. Other than the extra time required to complete this, the difficulty would be the 
different textural greasy wool handle scores possible for each animal are increased and 
provides a greater number of scoring possibilities compared to the 1-5 discrete scoring system 
as completed in this study. Questions such as “How do you deal with this data?” and “Does 
the grade from two assessors have a higher precision than that from one?” are then required to 
be answered. In relation to this study, if time consuming and tedious further work is 
comtemplated (such as more detailed measurement/assessment of fibre alignment or mean 
fibre length), greater confidence needs to be placed around the textural greasy wool handle 
assessment in order to improve the possibility for detecting if any effects exist. As mentioned, 
previous results from Preston et al. (2016) showed that the scorer repeatability estimate for 
textural greasy wool handle can be variable between assessors and this should be considered 
as part of the results. Nevertheless even reducing the handle grades to two grades (soft and 
harsh), which it would be reasonable to suggest would increase the accuracy and precision, 
showed very little difference in results regarding the relationship to textural greasy wool 
handle and the response terms MFA or MFLCV. 
Measuring and assessing crimp properties and points of discussion 
Previous work has demonstrated the difficulty in measuring crimp properties (Fish et al. 
1999) while maintaining crimp stability. Temporary setting of fibres, strain and relaxation of 
the fibres and the effects of humidity and temperature on the state of fibre can all have an 
impact. In respect to this study, these conditions were monitored but not controlled during the 
assessment of mean fibre alignment. In terms of assessing fibre alignment, a consistent 
approach was followed in all instances from sampling to assessment in this study. Mortimer 
(2007) recognised protocols for subjective assessment require the development of specialised 
standards to increase adoption and accuracy. The samples used in this study were examined 
periodically for any impact of repeated handling and as detailed, assessment protocols were 
followed carefully to minimise known sources of error. 
Three measurements were recorded for fibre alignment along each wool staple. There 
was an image taken approximately at the tip, middle and base of each wool staple. Further 
analysis showed there was very little difference in the average score at each of the three 
assessment sites suggesting that three measurements were enough to assess the fibre 
alignment of the wool staple. 
There has been very little discussion about the accuracy of the measurement of mean 
fibre length. As this is a measurement rather than a assessment it has been considered 
relatively accurate and precise. Presently the tedious measurement of the length of many 
individual fibres is a major limitation in this aspect of the study. In deciding how many fibres 
to measure it is necessary to compromise between time and accuracy. As a single wool staple 
is made up of thousands of wool fibres, only a small proportion of fibres in the wool staple 
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bundle can be be measured. Considering fibre diameter now is routinuely measured across the 
industry at 1000 fibre counts per midside sample, 500 fibre length measurements per wool 
staple was considered sufficient for this study. The other length parameter used was recording 
length intervals to the nearest 5 mm. It would be possible to record to the nearest 1 mm. 
Automating single fibre length measurement would enable a greater number of fibres per 
sample and a greater number of samples to be measured.  
Limitations of the results 
As this dataset only explores a small subset of the wool properties present in the Australian 
wool industry, the results may not represent all the variation present in Merino wool. A larger 
study could represent a greater variation in crimp properties (in terms of crimp frequency and 
wool character) to determine whether this relationship between textural greasy wool handle 
and crimp properties is present across wool of different fibre properties. 
The effect of environmental factors on results 
As described in Table 6.3, there were 15 different environments where samples originated 
(based on years and sites). As seen in the regression analysis (Table 6.8), flock and year of 
birth combined to account for 72.8% of the variation. It would be therefore be recommended 
to minimise some of these factors by reducing the number of different environments where 
samples are sourced. This finding also suggests that the relationships associated with greasy 
wool handle in one environment may differ to those in another environment. However, there 
was also the difficulty in finding samples that fit the specifications to control other known 
variables which affect textural greasy wool handle (FD, FDSD, FDCV, RTOC and CURV) 
that were grown in the same environment. As discussed earlier, the samples for this project 
were difficult to source, as only 2.8% of samples from 6000 held by the INF project met the 
required specifications which was the reason why so many different environments were 
included in this study. 
Fibre diameter, crimp properties and textural greasy wool handle 
Little discussion has been made about the usefulness of certain crimp parameters such as fibre 
crimp alignment in either wool metrology or even wool production on textural greasy wool 
handle assessment. Other components of staple crimp such as crimp frequency have been 
extensively researched in the past (Duerden 1929; Barker and Norris 1930; Norris and van 
Rensburg 1930; Lang 1947; Goldsworthy and Lang 1954; Lang 1957) with authors describing 
the causes of staple crimp and quantifiying differences between strains and breeds. Further 
reasearch has focused around the relationship between crimp and fibre diameter or what is 
described as “fibre fineness”, as previous studies have highlighted their significant correlation 
(Duerden 1929; Lang 1947). Scientists and producers in the past have selected wool of higher 
crimp frequency as it was also correlated to a finer fleece before fibre diameter was routinely 
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objectively measured and such selection may have produced changes in textural greasy wool 
handle.  
The relationships between compressional handle, resistance to comrpession 
measurement, fibre crimp frequency and fibre curvature with fabric properties are well 
documented (Shah and Whiteley 1971; Stevens 1994; McGregor and Postle 2009). None of 
these studies were designed to detect effects of variations in textural greasy wool handle on 
fabric properties. No recent research on staple crimp alignment properties and their effect on 
textural greasy wool handle has been located. Since the introduction and widespread use of 
objective measurement of fibre diameter, there has been an increase in the production of wool 
that differ from the traditional “true to type” staple crimp/fibre diameter correlation. However, 
recent studies that include these contrasting  types of wool, still showed evidence of the staple 
crimp fibre diameter correlation (Hatcher et al. unpub). 
In regard to this current study, in order to reduce the size of the experiment, some of 
this not true-to-type wool may have been excluded by the fibre specficiations used to select 
samples. Reducing the variation in FD, FDSD, FDCV, RTOC, CURV and also CHAR may 
also have reduced the variation in crimp properties such as fibre alignment or fibre length 
distribution. Therefore, it is likely that the sample selection process, may have inadvertently 
removed some of the types of wool that defy the staple crimp, fibre diameter relationship. 
Further work using broader fibre specifications may well present different findings. 
Future work, textural greasy wool handle vs crimp properties 
Readers may ask, if the aim of the study was to establish an explanation for the wool 
character, textural greasy wool handle relationship; why was wool character controlled in this 
project? It  may have been prudent to establish this relationship based on the extremes of soft 
and harsh textural greasy wool handle grades and sample two extreme wool character grades. 
To do this would require a doubling of the number of samples to account for factors such as 
flock and year of birth and was beyond the scope of this project. These results therefore 
represent preliminary findings that indicate there was no difference in MFA or MFLCV in 
textural greasy wool handle for wool of wool character grade 2. 
Conclusion 
Staple crimp alignment and fibre length of 16 µm Merino wool showed no significant 
difference between samples that were either scored for textural greasy wool handle on a 1-5 
scoring system or concatenated into a soft or harsh textural greasy wool handle grade. The 
results demonstrated little to no relationship between MFA and MFLCV and textural greasy 
wool handle. Furthermore, traits associated with MFA or MFL were poor predictors of  
variation in textural greasy wool handle grades, whereas factors associated with production 
such as flock and year of birth accounted for a greater amount of variation. There was only a 
moderate to low relationship between MFD and MFLCV and a negligible relationship with 
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MFDSD. Future studies that aim to add to these results, should sample a greater range of wool 
character and crimping frequency scores of different textural greasy wool handle grades. 
Other studies may also focus on different specifications of samples to include a range of 
different fibre properties than those controlled within this study. 
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Appendix Table 6.12 Mean fibre alignment Analysis of variance output 
Term Degree freedom Sum of Squares Mean squares P value 
Textural handle 3 0.82 0.27 
0.36 Residual 36 8.99 0.25 
Total 39 9.81 0.25 
Predicted response textural greasy wool handle output 
Handle grade Predicted values 
Handle grade 1 2.58 
Handle grade 2 2.75 
Handle grade 3 2.72 
Handle grade 4 3.03 
 
Appendix Table 6.13 MFASD Analysis of variance output 
Term Degree freedom Sum of Squares Mean squares P value 
Textural handle 3 0.35 0.12 
0.10 Residual 36 2.02 0.06 
Total 39 2.39 0.06 
Predicted response textural greasy wool handle output 
Handle grade Predicted values 
Handle grade 1 0.63 
Handle grade 2 0.67 
Handle grade 3 0.43 
Handle grade 4 0.55 
 
Appendix Table 6.14 MFACV Analysis of variance output 
Term Degree freedom Sum of Squares Mean squares P value 
Textural handle 3 481.6 160.5 
0.31 Residual 36 4679.3 130 
Total 39 5160.9 132.3 
Predicted response textural greasy wool handle output 
Handle grade Predicted values 
Handle grade 1 25.19 
Handle grade 2 25.08 
Handle grade 3 17.19 
Handle grade 4 20.00 
 
Appendix Table 6.15 MFL Analysis of variance output 
Term Degree freedom Sum of Squares Mean squares P value 
Textural handle 3 5359.8 1786.6 
<0.01 Residual 36 9503.5 264.0 
Total 39 14863.3 381.1 
Predicted response textural greasy wool handle output 
Handle grade Predicted values 
Handle grade 1 112.35 
Handle grade 2 87.83 
Handle grade 3 96.23 






Appendix Table 6.16 MFLSD Analysis of variance output 
Term Degree freedom Sum of Squares Mean squares P value 
Textural handle 3 242.4 80.8 
0.11 Residual 36 1353.8 37.6 
Total 39 1596.2 40.9 
Predicted response textural greasy wool handle output 
Handle grade Predicted values 
Handle grade 1 24.6 
Handle grade 2 19.3 
Handle grade 3 18.1 
Handle grade 4 19.0 
 
Appendix Table 6.17 MFLCV Analysis of variance output 
Term Degree freedom Sum of Squares Mean squares P value 
Textural handle 3 120.5 40.2 
0.35 Residual 36 1264.9 35.1 
Total 39 1385.4 35.5 
Predicted response textural greasy wool handle output 
Handle grade Predicted values 
Handle grade 1 22.1 
Handle grade 2 22.1 
Handle grade 3 19 
Handle grade 4 24.3 
 
Appendix Table 6.18 MFA Analysis of variance output 
Term Degree freedom Sum of Squares Mean squares P value 
Textural handle 1 0.3 0.3 
0.30 Residual 38 9.5 0.3 
Total 39 9.8 0.3 
Predicted response textural greasy wool handle output 
Handle grade Predicted values 
Handle grade low 2.9 
Handle grade high 2.7 
 
Appendix Table 6.19 MFASD Analysis of variance output 
Term Degree freedom Sum of Squares Mean squares P value 
Textural handle 1 0.3 0.3 
0.02 Residual 38 2.1 0.1 
Total 39 2.4 0.1 
Predicted response textural greasy wool handle output 
Handle grade Predicted values 
Handle grade low 0.48 
Handle grade high 0.66 
 
Appendix Table 6.20 MFACV Analysis of variance output 
Term Degree freedom Sum of Squares Mean squares P value 
Textural handle 1 449.1 449.1 
0.07 Residual 38 4711.9 124 
Total 39 5160.9 132.3 
Predicted response textural greasy wool handle output 
Handle grade Predicted values 
Handle grade low 18.35 
Handle grade high 25.12 
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 Appendix Table 6.21 MFL Analysis of variance output 
Term Degree freedom Sum of Squares Mean squares P value 
Textural handle 1 726.8 726.8 
0.17 Residual 38 14136.5 372.0 
Total 39 14863.3 381.1 
Predicted response textural greasy wool handle output 
Handle grade Predicted values 
Handle grade low 88.8 
Handle grade high 97.4 
 
Appendix Table 6.22 MFLSD Analysis of variance output 
Term Degree freedom Sum of Squares Mean squares P value 
Textural handle 1 84.1 84.1 
0.15 Residual 38 1512.1 39.8 
Total 39 1596.2 40.9 
Predicted response textural greasy wool handle output 
Handle grade Predicted values 
Handle grade low 18.4 
Handle grade high 21.4 
 
Appendix Table 6.23 MFLCV Analysis of variance output 
Term Degree freedom Sum of Squares Mean squares P value 
Textural handle 1 0.3 0.3 
0.02 Residual 38 2.1 0.1 
Total 39 2.4 0.1 
Predicted response textural greasy wool handle output 
Handle grade Predicted values 
Handle grade low 0.48 
Handle grade high 0.66 
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Chapter 7. Concluding remarks and future work on 
the relevance and effectiveness of the textural 
greasy wool handle assessment. 
As demonstrated in this thesis, textural greasy wool handle is a difficult trait to assess. Developing 
ideal conditions and a framework to produce a robust repeatable assessment is important. Organising 
staff, equipment and livestock to assess fleece quality traits like textural greasy wool handle when 
classing both sheep and wool clips requires time and resources, as such it is important that the data 
collected is accurate and meets the intended purpose. Some ramifications for the collection of 
inaccurate data include reduced accuracy of selection or ranking of animals for genetic improvement 
programs and poor allocation of fleeces to sale lines. 
In terms of wool research, handle has been considered of secondary importance in worsted 
wool processing (Anon 1973). However as consumer trends change and the market responds to an 
increased demand for next-to-skin knitwear, fabric handle properties will be of greater importance 
(Rowe 2010). Reports suggest the feel of the garment is of primary importance to the consumer and 
therefore the production of a raw fibre that requires minimal modification or chemical softeners to 
achieve this is not only preferential to the wool buyer, but would most likely be awarded with a higher 
price due to greater demand.  The estimated cost to improve the “handle” of wool through processing 
is relatively expensive. Improving textural handle on-farm is therefore favourable for all stakeholders. 
To achieve this on-farm, there is a need for a sound methodology for assessing textural greasy wool 
handle. This thesis has shown the difficulty in achieving sufficient accuracy and precision when using 
the current protocol for textural greasy wool handle assessment, and the research outcomes provide a 
list of confounding effects. 
Recent research has led to development of the Wool Handlemeter® which measures a range 
of fabric handle parameters specially designed for the next-to-skin knitwear market. In comparison, 
the wool industry still faces the difficulty of accurately evaluating textural greasy wool handle on-
farm based on a subjective tactile assessment. The thesis had the following objectives: 
 Review the literature to provide a comprehensive evaluation of the known importance 
of handle on fabrics, consumers and the methods of assessment,  
 Validate the need for the assessment of textural handle in the wool industry 
 Quantify the precision of the current assessment model for textural greasy wool 
handle 
 Determine and quantify factors that impact the accuracy and precision of the textural 
greasy wool handle assessment 
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 Determine what factors or confounding effects may distort the relationship between 
textural greasy wool handle assessment on-farm, and textural handle in early stage 
wool processing. 
The outcomes from this thesis have provided greater clarity on the deficiencies of the current textural 
greasy wool handle assessment protocol and identified means to improve the level of precision. Listed 
in Table 7.1 are the aims, outcomes and recommendations for producers and areas that require further 
research based on the outcomes from this thesis.
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Table 7.1. The chapter number, aim of study, recommendations from the work and areas of further work. 
Chapter Aim of study The recommendations from presented work Areas for future work 
2. Predicting textural 
greasy wool handle –is it 
possible? 
 Determine the 
accuracy of 
predicting textural 
greasy wool handle 
from routinely 
measured traits 
 Results indicate the inability to estimate textural 
greasy wool handle and highlight the importance 
of improving the accuracy of assessment 
 Skill or experience in the assessment of textural 
greasy wool handle does affect the accuracy of 
assessment 
 Crimp properties had 
considerable effect on textural 
greasy wool handle. It’s 
important to determine which 
crimp properties this includes 
 Determine the benefit of skills 
training on the assessment of 
textural greasy wool handle? 
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Chapter Aim of study The recommendations from presented work Areas for future work 
3. The repeatability of 
textural wool handle 








 Demonstrate some 
factors that can 
influence the 
repeatability of the 
assessment 
 Provides a repeatability estimate for the current 
assessment method of textural greasy wool 
handle. Results show that there is scope to 
improve accuracy with experienced assessors 
 Significant differences in repeatability estimates 
are shown between different states of 
assessment. Going in order of increasing level of 
accuracy: on-animal assessment  loose greasy 
wool mid side assessment loose clean wool 
mid side assessment 
 Significant differences in accuracy between 
experienced assessors may indicate training is 
important 
 Repetitive assessments may provide greater 
accuracy 
 The development of textural 
greasy wool handle standards 
that are not affected by different 
environments. e.g. made of 
acrylic or polymer base 
 Quantify the effect of textural 
greasy wool handle standards 
have on repeatability estimates 
 Quantify if knowledge or 
experience aids in assessment 
of textural greasy wool handle  
 Establish the validity of the use 
of multiple assessment, by one 
or multiple assessors, improves 
precision 
 Model the potential genetic 
improvement based on different 
levels of accuracy  of handle 
assessment and animal variance  
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Chapter Aim of study The recommendations from presented work Areas for future work 
4. The effect of site of 
assessment and variation in 
wool quality traits on the 
tactile assessment of 
textural greasy wool handle 




sites of assessment 
on the fleece 
 When assessing textural greasy wool handle, 
sampling at the mid side or a consistent site is 
recommended 
 There is no significant difference between 
different sites of assessment when a range of 
measured and subjective traits are accounted for 
in the analysis 
 It is important to maintain a site of assessment 
when classing wool in the shearing shed to create 
accurate wool lines  
 Quantify the level of accuracy 
at each of the different 
assessment sites 
 Determine if experienced 
assessors, or more assessors, 
can detect greater textural 
handle variation and determine 
if other traits can still account 
for variation in textural greasy 
wool handle 
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Chapter Aim of study The recommendations from presented work Areas for future work 
5. The heritability, non-
genetic environmental 
effects and the effect of 
prolonged selection for 
texturally softer handling 
wool on non-wool 
constituents 
 Quantify the effect 
of non-wool 
constituents such 
as suint, wax, dust 
and moisture 
 Determine what 
non-genetic 
environmental 




 Estimate the 
heritability of 
textural greasy 
wool handle   
 Non-wool constituents such as wax and dust at 
the prescribed levels have minimal effect on 
textural greasy wool handle. Suint and moisture 
have a low to moderate effect  
 Non-genetic environmental effects such as sex, 
birth type and dam age significantly affect the 
assessment, and needs to be considered when 
classing replacement ewe hoggets 
 Textural greasy wool handle is heritable and has 
significant variation to indicate selection will 
lead to genetic improvements 
 Determine if grease content 
(combination of wax and suint) 
per unit of length of fibre has an 
accumulative effect the 
assessment of textural greasy 
wool handle 
 Confirm if different quantities 
of non-wool constituents affect 
the accuracy of textural greasy 
wool handle  
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Chapter Aim of study The recommendations from presented work Areas for future work 
6. The role of staple crimp, 
wool character, fibre 
alignment, fibre length and 
fibre length variation in the 
assessment of textural 
greasy wool handle 
 Establish what 
crimp properties 
affect textural 
greasy wool handle 
 Establish a method 
to measure fibre 
alignment 






 In samples analysed, crimp properties such as 
fibre alignment and fibre length distribution were 
not responsible for differences in textural greasy 
wool handle 
 Fibre alignment and fibre length distribution 
were moderately correlated indicating they may 
measure different crimp properties 
 Fibre length and fibre alignment traits did not 
account for significant amount of the variation in 
textural greasy wool handle based on regression 
modelling 
 Identify what crimp properties 
affect textural handle, 
particularly wool that is not true 
to type 
 Determine the effect of crimp 
frequency, fibre curvature and 
wool character on textural 
greasy wool handle 
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Other areas of research not mentioned in Table 7.1, should focus on work to determine if there are 
discernible differences in textural greasy wool handle, especially in the superfine and ultrafine wool. 
Research into factors that affect the accuracy and precision of the assessment, such as human 
variation in hand sensitivity and skin receptor density on the ability to competently assess textural 
greasy wool handle, would be useful in quantifying the sensitivity of assessors to different 
environmental variables and therefore help improve the training of assessors. 
Ideally it would be beneficial and worthwhile to link textural greasy wool handle with later 
stage processing. However, further research needs to continue to focus on increasing the precision of 
the assessment to ensure consistency. As such it would be premature to estimate a relationship 
between textural greasy wool handle and textural clean wool handle. If such a relationship is 
established before this ground work is completed, it would have little relevance. It is therefore 
imperative that work should continue to focus on improving the accuracy and precision of textural 
greasy wool handle. Finally, improvements in precision of textural greasy wool handle will result in 

















Increase in precision of textural greasy 
wool handle. 
Improved accuracy of 
selection of animals for 
breeding programs 
= 
greater genetic gain within 
industry. 
Greater understanding of 
the value of the assessment 
in the industry. 
Accurate estimation 
between greasy wool 
handle and clean wool 
handle and isolation of 
staple and wool properties 
that affect handle in its 
greasy state. 
Clearer price signals from 




Anon (Eds MW Andrews, JG Downes (1973) 'Objective measurement of wool in Australia. .' 
(Australian Wool Corporation: Melbourne) 
Rowe, JB (2010) The Australian sheep industry – undergoing transformation. Animal Production 
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